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0 Logical Background

0.1 Sets

In this course we will use the term set to simply mean a collection of things which have a
common property such as the totality of positive integers or the collection of points on a
plane curve where the slope does not make sense. In truth the concept of the mathematical
term set is a subtle one, and unless some care is exercised paradoxes will result. However, no
pathology will occur in our (very) concrete situation, allowing us to be not precise about the
definition of a set. Those students who are interested in learning more about these wonderful
artifacts of human imagination can take Ma6c or consult the book, Aziomatic Set theory by
Suppes.

We will often use the following symbolic abbreviations: 3 for There exists, V for for all
(or for every), = for equals, # for not equal to, = for if, < for only if, < or iff for if and
only if, s.t. for such that, i.e., for that is, qed for quod erat demonstrandum (end of proof), €
for belongs to, and ¢ for does not belong to.

The members of a set will also be called elements. If a set X consists of the elements
a,b,c,..., then we will write

X = {a,b,c,...}.

Two sets will be equal if and only if they have the same elements. The empty set is denoted
by the symbol (.

A subset of a set X is a subcollection Y consisting of a portion of the elements of X. We
will write Y C X, or X DY, to indicate that Y is a subset of X. Typically, Y will be given
as the set of elements of X satisfying some property P, in which case we will write

Y = {x € X |z has property P}.

Clearly, the empty set is a subset of every set. We will say that Y is a proper subset of X if
it is a subset and if Y # X.
If Y is a subset of X, then the complement of Y (in X) is the set

Ye={zeX|zdY}

It is sometimes denoted X — Y.

If X,Y are two sets, their union, resp. intersection, is defined to be
XUY ={z|z€e X or zeY},

resp.
XNY ={w|lweX and weY}.

The following Theorem is a fundamental law, called the de Morgan Law:



Theorem Let A, B be subsets of a set X. Then we have
(AUB)® = A°N B¢

and
(AN B)* = A°U B“.

When A, B have no intersection, we will call AU B a disjoint union.

0.2 Functions

A function, or a mapping, from a set X to another, say Y, is a rule (or an assignment) f
which associates, to each element z in X, a unique element y, denoted f(x), of Y. The
symbolic way of describing the function is the following:

f: X —->Y

It is important that y = f(x) be assigned uniquely to each z, but it might happen that for
a fixed y, there may be many z in X with f(z) = y.
The image of such a mapping f is defined to be

Im(f) ={yeY|dzeX st. y=f(z)}

Here s.t. is an abbreviation for such that. For any y in the image, its pre-image, sometimes
called its fiber, is the set
7 y) = {zr e X| f(z) = y}.

When f~!(y) is a singleton for each y in Im(f), we will say that the function f is one-
to-one or injective. When the image of f is all of Y, we will say that f is onto or surjective.

If f is both one-to-one and onto, we will say that f is a one-to-one correspondence or
that it is bijective.

When f is a function from a set X to itself, i.e., when X =Y, one calls f a self-mapping.
Any bijective self-mapping of X is called a permutation. Show, as a simple exercise, that
the number of distinct permutations of a set X with exactly n elements is n!

0.3 Cardinality

The cardinality, or the order, of a set X, denoted |X]|, is the number of elements in it.
This intuitive definition is easy enough to grasp when X is finite, i.e., when it has only a
finite number of elements. But when X is infinite, i.e., not finite, there are various types of
infinities, and we will be crude and settle on having only two types of such infinities, namely
of the countable type and the uncountable type.

To be precise, let us denote by N the set of all counting numbers {1,2,3,4,5,...}. See
section 1.1 for a discussion of these numbers and their properties. We will call a set X



countable if it is either finite or if there is a one-to-one correspondence between X and N; a
countable infinite set will be said to be countably infinite. If X is not countable, we will call
it uncountable. 1t will turn out that the set of all real numbers is uncountable.

Clearly, two sets have the same cardinality if there is a bijective mapping between them.

Example: The subset Neven of N consisting of even counting numbers has the same car-
dinality as N; so they are both countably infinite. ~ To prove it, observe that the natural
mapping f : N — Ngyen defined by n — 2n is one-to-one and onto.

Note however, that if Y is a proper subset of a finite set X, we will always have |Y| < |X].
A basic result on cardinality is the following

Proposition Let X,Y be arbitrary finite sets. Then we have

IXUY| = |X|+]Y]|—-]XNY].

The proof is left as an exercise.

0.4 Equivalence Relations

Sometimes it is important to partition sets into blocks, where each block consists of elements
which are equivalent in some sense. For example, we can split N into two blocks Ngye, and
Noqq, the former consisting of even numbers, and the latter consisting of odd numbers. The
equivalence would be a ~ b iff @ and b have the same parity, i.e., iff a — b is divisible by 2.

In general one has to make sure that a relation ~ on a set X has certain natural properties
in order to be called an equivalence relation. The properties one needs are

an~a (reflexivity)

a~b&sb~a (symmetry)
a~bb~c=an~c (transitivity)
Check that the relation defined above on N by using parity satisfies these three conditions.

Now let X be any set with an equivalence relation ~. For any element z, we can put
together all the elements of X which are equivalent to it, and call it the equivalence class of x
(or represented by ). Check that the properties above preclude any element from belonging
to two different equivalence classes. (Such a way of writing a set as a disjoint union of subsets
is called a partition.)

This allows us to form a new set, often denoted X/ ~, whose elements are equivalence
classes in X. Again, when X = N and ~ is the relation given by parity, X/ ~ consist of two
classes, namely Nyyen and Nyggq.

Sometimes one finds the notion of a set of equivalence classes a bit abstract and opts
to do the following: Choose, for each class C, a fixed element 2(C') representing it in X,
and view X/ ~ as the set of such representatives {z(C)}. In the example we have been



considering, we may choose 0, resp. 1, to represent the class of even, resp. odd numbers,
and identify {0,1} with the set of equivalence classes. (When we say that two sets can be
identified, we mean that there is a one-to-one correspondence between them.)

There is no reason to feel intimidated by taking equivalence classes. One does it often
in real life without thinking about it explicitly. For example everyone is used to dealing
with fractions, which are really equivalence classes, because we identify T;—g with 2 for any
non-zero integer d. More on this in section 2.1.



1 Real and Complex Numbers

1.1 Desired Properties

Let us begin by asking what one would like to have in the number system one works with?
As a child grows up, he/she first learns about the collection N of counting numbers, which
mathematicians like to call the natural numbers, then proceeds to the all important zero
and negative numbers, and after that to fractions, often called the rational numbers. What
one has at that point is a very elegant system of numbers with all the desired arithmetical
operations and the important notion of positivity. This last property allows one to partition
the rationals into positive numbers, negative numbers and zero, and thereby define an ordering
on the set Q of all rational numbers, namely the stipulation that a < b iff b — a is either
positive or 0. One defines a number b to be an upper bound (resp. a lower bound) for a set
X of rationals iff every x in X satisfies x < b (resp. b < x). The set X is said to be bounded
above, resp. bounded below, if it admits an upper bound, resp. lower bound; it is bounded
if both bounds exist. Of course any finite set of rationals is bounded, but infinite sets like
{%|n € N} are bounded too.

One could stay in this rational paradise for a long time and find many treasures to
unearth, but one runs into two related problems. The first problem is that various numbers
one encounters in real life, for example the hypoteneuse (= \/5) of any right triangle with
unit sides and the circumference (= 27) of the unit circle, are not rational numbers, though
historically it took a while for people to prove their irrationality. The second problem is
that given a bounded set of rational numbers there is usually no rational number b which is
a least upper bound (lub), also called a supremum, i.e., having the property that if b; is any
upper bound for X, then b < b;. A natural example is furnished by the (bounded) set

(1.1.1) Xo={>_ % In > 1}.

Similarly, a general X has no greatest lower bound glb, often called an infimum. (But X,
does have an infimum, namely 1.)

Note that the least upper bound will be unique if it exists. Indeed, if b,b" are suprema
of a bounded set X, then b < b and b’ < b, yielding b =1'.

One is thus led to enlarge Q to get a bigger number system, to be called the set R of real
numbers, which solves the second problem above while still preserving the basic properties
of Q including positivity. We want the following properties to hold:

[R1] R admits the four basic arithmetical operations;

[R2] There is a subset P of (positive) real numbers, closed under addition and multiplication,
such that R is the disjoint union of P, 0 and —P; and

R3] Every subset X which is bounded above admits a least upper bound.
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In addition one also wants to make sure that this larger system is not too big; it should hug
the rational numbers ever so tightly. To phrase it mathematically, one wants the following
to hold as well:

[R4] Given any two distinct numbers z,y in R, there is a rational number a such that
r<a<y.

It turns out that there is a unique number system satisfying properties R1 through R4,
which we call R. These properties are extremely important and will be repeatedly used,
implicitly or explicitly, in Calculus and in various other mathematical disciplines.

Often one thinks of R as a collection of decimal expansions, with a natural equivalence
(like 1.9999 - - - = 2), and the rationals are characterized as the ones with eventually repeating
blocks of digits; for example, % is represented by 3.142857142857142857142857.... (A
justification for this way of thinking of R will come later, after we learn about Cauchy
sequences and completion in chapter 2.) From this point of view, one sees quickly that there
is nothing terribly real abut the real numbers, as no one, and no computer, can remember
the entire decimal expansion of an irrational number, only a suitably truncated rational
approximation, like %, or better, 3.14159265358979323846 = i’ééégggggggggggggggég, for . One
does encounter irrational numbers in nature, as mentioned above, but usually in Geometry
or Differential equations.

In the case of the set Xy of (1.1.1), the unique (irrational) supremum is the ubiquitous
number e, whose decimal expansion is 2.718281828459045235306 . . ..

It should be remarked that fortunately, the first problem encountered while working only
with Q gets essentially solved in R: The irrational numbers /2 and 7, and a whole slew of
others like them, belong to, i,e., represented by numbers in, the system R. Qualitatively,
however, there is a huge difference between V2 and 7. The former is what one calls an
algebraic number, i,e., one satisfying a polynomial equation with coefficients in Q. A number
which is not a root of any such polynomial is called a transcendental number; 7 is one such and
e is another. For a long time people could not prove the existence of transcendental numbers,
or rather they could not prove that the numbers like e and 7, which they suspected to be
transcendental, were indeed so. We do not know to this day the status of the numbers e + 7
and em, which is a terrific open problem. One could also show the existence of transcendental
numbers by showing that algebraic numbers are countable while R is not.

Yes, R is great to work with for a lot of purposes. But it is not paradise either. This
is because a lot of algebraic numbers are not to be found in R. To elaborate, the irrational
number v/2 is a root of the polynomial 22 — 2, i.e., a solution of the equation 22 = 2. Why
restrict to this polynomial? How about 2% —2 or 22 +17? It turns out that 2® — 2, and indeed
any polynomial of odd degree, has a real root (as we will see later in the course), though R
does not contain all the roots; so things are not too bad here. On the other hand, one can
prove that R cannot contain any root of x? + 1; the situation is the same for 2 + a for any
positive number a. Historically people were so stumped by this difficulty that they called
the square roots of negative numbers imaginary numbers, which is unfortunate. Just like the
real numbers aren’t so real, imaginary numbers aren’t so imaginary. We will however bow
to tradition and stick to these terms.



In any case, one is led to ask if one can enlarge R further to develop a number system
solving this problem. The solution which pops out is the system C of complex numbers,
which is unique in a natural sense. One has the following properties:

[C1] The four basic arithmetical operations extend to C;  and
[C2] Every polynomial with coefficients in C has a root in C.

The property C2 is often called the Fundamental Theorem of Algebra. For this reason
one wants to work with C instead of R. For example, this property allows one to be able to
find eigenvalues and eigenvectors of real symmetric matrices, and this is important in both
Linear Algebra (Malb material) and Differential Equations (Ma2b material).

Note however that the ordering property of Q and R (coming from their positive elements)
seems to have evaporated in the context of C. This is indeed the case, and this goes to show
that everything has its drawbacks, and one has to carefully choose the system one works
with, depending on the problem to be solved. In any case, much of Mala will deal with R,
but sometimes also with C.

1.2 Natural Numbers, Well Ordering, and Induction

We will begin by admitting that everyone knows about the set N of natural numbers, namely
the collection {1,2,3,...,n,n+ 1,...}. We are appealing here to one’s intuition and not
giving a mathematical definition, which is subtle. Interested students can consult Chapter I
of the book Foundations of Analysis by E. Landau.

Given any two numbers a,b in N, one can add them as well as multiply them, and the
results are denoted respectively by a + b and ab (denoted at times by a.b or a x b). One has

(F1) a+b=>b+a

(F2) (a+b)+c=a+(b+c)
(F'3) ab = ba

(F4) (ab)e = a(be)

and

(F'5) (a+b)c = ab+ ac.

It is customary to call the property (F1) (resp. (F3)) commutativity of addition (resp.
multiplication), and the property (F2) (resp. (F4)) associativity for addition (resp. multi-
plication). Property (F5) is called distributivity. The reason for enumerating these as (Fn),
for n < 5, is that they will later become parts of the axioms for a field.

10



The fundamental property underlying the basic structure of N is the following

Well Ordering (WO): Every non-empty subset S of N contains a smallest element m, i.e.,
m < x for every x in S.

When S = N, m is the unit element 1, satistying (for all z)
(F6) loz=a-1=ux.

A very useful thing to employ in all of Mathematics is induction, which we will now state
precisely.

Principle of Mathematical Induction (PMI): A statement P about N is true if
(i) P holds for n =1; and

(ii) If n > 1 and if P holds for all m < n, then P holds for n.

Lemma WO =— PMI.

Proof. Suppose (i), (ii) hold for some property P.

To show: P is true for all non-negative integers.

Prove by contradiction. Suppose P is false. Let S be the subset of N for which P is false.
Since P is assumed to be false, S is non-empty. By WO, there exists a smallest element n
of S, which is > 1 as P holds for 1. Since n is the smallest for which P is false, P must hold
for all m < n. Hence by (ii), P holds for n as well. Contradiction! So P holds.

O

Remark: In fact, PMI and WO are equivalent. Interested students are invited to try and
show the reverse implication PMI = WO.

Example: Let us prove by induction the formula

n*(n +1)?

PB+22+. .. +nd = 1

It evidently holds for n = 1, and so let us assume that n is > 1, and assume by induction
that the formula holds for all m < n. In particular it holds for n — 1, and we get

_122 2 _12 4
P+22+. . +(n—1)7°+n" = (n = 17" 4)n +n® = ( 4) i n>,

which yields the asserted formula as (n — 1)? +4n = (n + 1)2.

11



1.3 Integers

In order to get all the integers, one needs to add to N the number 0, sometimes called the
additive identity, satisfying

(F'7) a+0=0+a = a,
and the negative numbers —a (= (—a)), a unique one for each a in N, such that
(F8) a+(—a) = (—a)+a = 0.

It is customary to call —a the negative, or the additive inverse, of a. One defines subtraction
by setting
a—b = a+(-D).

One also sets
—-0=0 and 040 = 0.

One can deduce various other identities from these, for example:
—(—a) =a, and a—b=—-b+a = —(b—a).

The discovery of zero was a major achievement in human history, and it happened long
after the appearance of natural numbers. Put

—N = {-n|n e N}

By the set of integers one means
7Z = -NU{0}UN = {...,-3,-2,-1,0,1,2,3,...}.
One calls N, resp. —N, the set of positive integers, resp. the set of negative integers.
Note the following assertions for elements of Z:
(Ordl) Every a is either positive or negative or zero;
(Ord2) If a,b are positive, then a + b and ab are also positive.
This defines an ordering on 7Z given by

(Ord) a>bs a—beN.

We will also put
a>b<<s a=b or a>0b,

and
a<b&e b>a and a<b & b>a.

We will come back to this important notion of ordering later.

12



Of course one can add, resp. multiply, any finite number of elements, say ay, as, .. .a, of
Z, and we will use the symbolic notation

n
E a; =,a1+ax+ ... +an
j=1

resp.
n

Haj = A1a2...0y.

j=1
We will use the convention that an empty sum is zero, while an empty product is 1.

Finally, we should note that Z is countable. Indeed, consider the function
f+Z — N,
defined by setting f(0) = 1 and for n positive,
f(n)=2n and f(—n)=2n+1.

It is easy to check that this function is one-to-one and onto, as desired.

1.4 Rational Numbers

Given any a in Z, we know that it has an additive inverse, namely —a, satisfying (F'8). But
how about a multiplicative inverse? For this we need to find a number b such that

ab = 1.

But a little rumination will assure one that the only possibility is a = b = £1. This is not
good as one would like to have a multiplicative inverse for every non-zero a in Z.

This problem is solved by the introduction of rational numbers. 1t is achieved as follows.

By an ordered pair of integers we will mean a pair (m,n), m,n € Z, where the order
matters, i.e., (m,n) is considered to be different from (n,m). One denotes the collection of
all ordered pairs of integers by Z? (or Z x Z). Set

Y = {(m,n)|n # 0}.
Introduce a multiplication in Z? by
(m,n)(m',n") = (mm’, nn').

If nn’ is zero, then n or n’ must be zero, and this implies that this multiplication preserves
Y, i.e., the product of any two elements of Y is in Y.

13



Define a relation ~ on Y by the requirement
(m,n) ~ (m',n') < mn' =m'n.

It is left as an easy exercise to check that that this gives an equivalence relation on Y.
Put

Q=Y/~.
This is the set of rational numbers. As discussed in section 0.4, the elements of QQ, called the

rational numbers (or fractions) are equivalence classes in Y. The equivalence class of any
ordered pair (m,n) of integers with n # 0 is denoted ”*. By definition,

a ad
- )
2 2 Vd € Z,d # 0

It is customary to call this the cancellation property of fractions. For instance,

2 14 100 1382

3 21 150 2073
Since —1 is non-zero, we have in particular,

—m m

n —n’

which we will simply denote by —2* and call it the negative of .
Addition of rational numbers is defined by

m m mn' + +m'n

n nn/
The multiplication on Y gives rise to a (commutative) multiplication in Q. Explicitly,

mm’ mn

nn  mn
Guven a rational number *, it is customary to represent it by its reduced fraction, i.e., write
it as Z‘—; with m’, n’ being relatively prime, with m’,;n’ (necessarily) satisfying m = dm’ and
n = dn’, where d denotes the ged of m, n.

Note that we can view Z as a subset of Q by the identification
m
m = T VYm € Z,

compatible with multiplication, addition and subtraction. We will not make any distinction
(at all) between m and %.

Now we are ready to find multiplicative inverses. Suppose a = * is a non-zero rational

number. Then m is not zero either, and so we can consider the rational number b = .
Then we have
mn mn mn
ab=——=—=— =1
nm nm mn

14



The last (cancellation) step is justified because mn is non-zero. Since the multiplication in
Q is commutative, ba is also 1, and so b is the multiplicative inverse of a.

In particular, since Z is a subset of QQ, every integer m has a multiplicative inverse, namely
1

To repeat, we have in Q:

(F9) Va #0,3b st. ab=ba = 1.

We will say that a rational number a is positive if it is given by a fraction ™ with m,n
of the same sign. A rational number whose negative is positive will be said to be negative.
This introduces an ordering in Q as in the case of Z.

It will be left as an exercise to show that the properties (F'1) — (F'8) as well as (Ord1)
and (Ord2) hold in Q. We have already seen that (£'9) holds in Q.

It is useful to note the following

Lemma Given rational numbers a,b with a < b, we can find another rational number c
with a < ¢ < b.

Proof. Put x = b— a, which is a positive rational number. It suffices to show that there
is a positive rational number y less than x, for then we can take c to be a +y. Write z = 7,
for some positive integers m,n. Then y = —7 does the job. In fact, —+ Wworks for every
k > 1. Done.
O
Note that the proof shows that there are in fact an infinite number of rational numbers
between a and b.

We conclude this section by noting that it can be shown that Q is a countable set. Try
to construct a one-to-one correspondence between Q and N.

1.5 Ordered Fields

Any set K admitting addition and multiplication, equipped with distinguished elements
called 0 and 1, for which the properties (azioms) (F'1) through (F9) hold, is called a field.

As we have seen above, Q is a field. But there are others, and here is a very simple one.
Put

Fy, = {0,1},
and define addition by the rule

0+0=0, 0+1=1+0=1 and 1+1=0,
and multiplication by the rule

0x0=0, Ox1=1x0=0 and 1x1=1,

15



It is clear that the axioms (F'1) — (F'9) are satisfied making IFy a field with only two elements.
Check that there can be no field with just 1 element.

In order to do Calculus, we must restrict the fields we consider. Say that a field K is an
ordered field if the properties (Ordl) and (Ord2) also hold in K relative to an ordering <.
We know that Q is an ordered field. Is there any other? It is immediate that Fy is not an
ordered field, because 1 is its own negative there.

As remarked in section 1.0, Q suffers in general from a lack of least upper bounds for its
bounded subsets. For this reason we want to enlarge it. To this end, we are motivated to
define a complete ordered field to be an ordered field K in which the following holds:

(Cord) Every bounded subset X admits a least upper bound, i.e., there exists a b such that if
< bVrelX forany V', then b < V.

The first question is is to know if there is any complete ordered field. An affirmative
answer will be given in the next section.

1.6 Real Numbers

The object of this section is to give a construction of all real numbers and show that they
form a complete ordered field R containing Q. They will satisfy the properties (R1) through
(R4) of section 1.0. To some the construction might appear to be too abstract, at least on a
first reading. One does not have to master the proof, but it is important to feel comfortable
enough with the basic properties of real numbers and learn to use them at moment’s notice.
We will also discuss a different construction of R in the next chapter, after introducing
Cauchy sequences and completion from that point of view; some will find that (analytic)
approach more understandable, while others will like the present (algebraic) approach due
to a nineteenth century mathematicician called R. Dedekind.

The basic idea is this. Geometrically, the rational numbers represent a special collection
of points on a line L with 0 in the middle and the integers being plotted in the usual way.
Intuitively, one would like to have the points on the line be in one-to-one correspondence
with the real numbers. But hw to achive this when all one could define precisely are the
rational numbers. Dedekind’s clever observation was that giving a rational number b is the
same as giving the set 7, of all the rational numbers to the left of, i.e., strictly less than, b
on L. Moreover, b < ¢ iff 7, < 7, and 74 is given by the set, to be called 7, 4+ 73, consisting
of rational numbers ¢ which can be written as a; + b; where aq, as are rational numbers with
a; < a and b; < b. In fact one can endow the collection {7,} with all the basic properties
of Q. So why not try to characterize every point on L by the set of rational numbers to its
left? This idea is carried out below (in complete detail) via the device of Dedekind cuts.

By a real number, we will mean a subset p of Q such that

(i) p is neither empty nor all of Q;
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(ii) If @ is in p, then p contains every rational number less than a;

(iii) For every a in p, there exists a ¢ in p such that a < c.

A subset p defining a real number is often called a Dedekind cut, or just a cut.

Denote by R the set of all real numbers. Note that for any rational number a, the
singleton set {a} is not a real number as it does not satisfy (ii) or (iii) above. We have to
find another way to put rational numbers inside R.

Note that for any fixed rational number b, the set
7 = {a€Q|a<b}
is a real number according to the definition above. This way we get a one-to-one mapping
7T:Q =R, b—m

Identifying Q@ with its image, i.e., not distinguishing between b and 7;,, we may view Q as a
subset of R.
On the other hand, the set

{a €Qla < b}
is not a real number, because property (iii) is not satisfied (for b).

There are infinitely many real numbers which are not rational. For example we have the
following

Lemma Let q be a positive rational number which is not a square in Q. Then the set
p = {a€Qla*<q or a<0}

defines a real number.

Proof.  Clearly p, is not empty or all of Q, so (i) is satisfied. Now suppose that there
exist € Q and b in p, such that a < b. We have to show, to get (ii), that a lies in p,.
There is nothing to prove if a is negative or zero , so we may assume that a, and hence b,
is positive and that a? is greater ¢. But then b* > a? > ¢ and we get a contradiction to the
fact that b belongs to p,. So @ must belong to p,.

It is left to prove that (iii) also holds. Pick any a in p,. Since p,, obviously contains
postive rational numbers, the assertion is clear if a is < 0. So we let a be positive; write it
as ™ with m,n > 0. Put { = q — a?, which is by definition a positive rational number. For

d €N, put f(d) = mgg;l)g — a?. Since a® = T;—;, f(d) is a positive rational number, and it

suffices for us to choose d so that f(d) < t. But

m2(2d + 1) 2d+1 3
f(d) = W and d2 < a
So we need to choose d such that % is less than e := ’:n—Qgt Since m,n are fixed, so is e. It

comes down to picking d to be greater than 3/e, which is certainly possible. Done.
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Since Q C R, R contains 0 and 1.

Theorem R admits addition, multiplication and an ordering <, making it a complete
ordered field relative to the identities 0 and 1. Thus the properties (R1) — (R3) hold in R.
The property (R4) holds as well.

Proof. The ordering on R is obtained by setting
p<p & pCp.

We will say that p < p' iff p is a proper subset of p/. Clearly, if p < p and p’ < p, then
p=r.

First we will prove that the property (R4) of section 1.0 holds in R. Suppose p, p’ are
real numbers such that p < p’. Then by definition, there exists some rational number b in
¢’ which is not in p. By the property (iii) defining a Dedekind cut, there exists a rational
number ¢ in p’ such that b < ¢. Consequently, we have

p<T </,

where 7, is the cut representing the rational number 0. Done.

Define addition in R by setting
p+p ={aeQ|Ibepcep st. a=b+c}.

It is obvious this operation is commutative and associative. Recall that 0 is represented in R
by 70 = {x € Q|x < 0}. Therefore, given any p € R and b € p, b+ x being < b for any x < 0
implies that p + 0 < p. Pick any b in p. By the property (iii) of any cut, there is some ¢ in
p such that b < ¢. Then ¢ — b is a positive rational number, and we can find some rational
number —z lying strictly between 0 and ¢ — b. Then x is negative and b < x + ¢, which
implies that b lies in p+ 0. Thus p+ 0 equals p. Thus we have the identities (F'1), (F'2) and
(F7).
For any p € R, one defines its negative to be

—p={-acQlacyp,3Ibecp st. b<al},

where p® denotes the complement Q — p of p in Q. We will leave it to the reader to check that
—p is indeed a real number, i.e., that it satisfies properties (i)-(iii) of a cut. We claim that
—p—+p < 0. Suppose not. Then there must exist —a in —p and z in p such that —a+x > 0,
i.e., that a < x. Then by the property (ii), a must belong to p, which is a contradiction
because by definition «a is in p°. Hence the claim.

Suppose —p + p is strictly less than 0, there must exist a positive rational number y such
that —y is not in —p 4 p. We claim that there exist z in p and —a in —p such that

r+y+a=0.
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We will treat the case when y lies in p, and leave the case when it lies in p° as an exercise.
Since p is not all of Q and moreover contains all the rationals to the left of any rational it
contains, there must exist an m € N such that my € p, but (m + 1)y € p°. By property
(iii), there is some rational number ¢ in p with my < ¢. If we put z = ¢ and —a =
(m + 1)y + (¢ — my), then x + y + a is zero, as desired. Also, since p® contains (m + 1)y
which is smaller than —a, —a is indeed in —p, and the claim is proved. Consequently, we
also have (F'8).

Put
Reo = {p|p >0}
and

R = {p|p <0}

If p in R contains some positive rational number ¢, it contains all the rationals less than ¢
and so contains 7y properly. Thus p is positive, i.e., in R-y. Suppose it contains no positive
rational number. If it is non-zero, then it is a proper subset of 7y, i.e., p is in Ry, and
moreover, its negative —rho will by definition contain a positive rational number and hence
lies in Rsg. We get (Ordl) and R is a disjoint union of R+, {0} and R.g. The verification
of the remaining order aziom (Ord2) is an easy exercise.

Let us now move to multiplication. If p, p/ are positive real numbers, we set

(=p)(=p) = pp) = QuoU{geQ|FaecpnNQso,bep NQso s.t. ¢q=ab}

and

(=p)p = p(=p") = =(pp).
Evidently, this multiplication is commutative and associative, giving (F'3) and (F4). It is
left to the reader to verify that pp’ is indeed a real number.

We will now check that p- 1 is p. It suffices to deduce this for positive p, in which case
the inequality p -1 < p is clear. Also every non-positive a in p lies in p- 1. So let a be a
positive rational number in (the cut defining) p. By property (iii), 3b € p with a < b. Put
d = a/b, which is a rational number < 1 and hence belongs to 1, i.e., to 7;. Hence a = bd
lies in p - 1, and we have (F'6). The proof of the distributivity aziom is left to the reader to
check.

The multiplicative inverses for non-zero real numbers is defined as follows: If p € R+,
set
p = QoU{beQuo|bt €pTcep® st. c<b'}
and
(=p)™" = —=(p7).
Again the verification that p~! is a real number will be left to the reader. Note that p~! is
also positive. Let a, b be positive rational numbers lying respectively in p and p~!. Since by

definition b~! is in p®, a must be less than b~!. In other words, ab is < 1, which implies that
ab € 7. Hence pp~t < 1.
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Suppose d is an arbitrary rational number in 1. If d < 0, it will be in pp~! and we have

nothing to do. So assume that d lies strictly between 0 and 1. Suppose d~! lies in p. Then,
since d~! > 1, there must exist some n € N such that d™" € p, but d ! lies in p°. By
property (iii) there is some e in p such that d™" < e. Put # = d~'e, which by virtue of being
larger than d—"7!, lies in p°. It is easy to check that x~! lies in p~!. Hence d = ex~! lies in
pp~t, and we get pp~! = 1, establishing (F'9).

Thus we have verified that R is an ordered field containing Q and satisfying (R1), (R2)
and (R4). It remains to prove that R is a complete ordered field, i.e., verify (Cord), which

is the same (for R) as (R3).
Let X be a bounded set of real numbers. Put

f={acQ|IpeX st. acp}

Properties (i) and (ii) defining a real number are immediate. For property (iii), note that if
a € 3, then by definition a € p for some p € X, and since p is a real number, there is some
b in p such that a < b. But then b will also belong to 3. So 3 is a real number.

It is clear that 3 is an upper bound for X. Suppose 7 is another upper bound. Then
~v will contain every rational number which occurs in any p € X. Then ~ will necessarily
contain every rational number occurring in 5. So we get 3 < ~, proving that 3 is indeed the

least upper bound.
O

It turns out that R is essentially the only complete ordered field, the reason for which
will not be given here. To be precise we have the following

Theorem Suppose K is a complete ordered field. Then there is a one-to-one correspondence
f: K —- R,

which is compatible with the arithmetical operations on both sides, i.e., f(0) =0, f(1) =1,
fla+b) = f(a)+ f(b), and f(ab) = f(a)f(b), for all a,b in K.

1.7 Absolute Value

Given any non-zero real number p, we can define its sign, denoted sgn(p), to be + (or +1)
if it is positive, and — (or —1) if it is negative.

Define a function

|.|: R —- R
by setting
0] =0
and for p # 0,
ol = sgn(p)p.
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We will call |p| the absolute value of p.
Proposition The following hold for all p, p’ in R:

(a) lp| >0

(b) lpe'l = |pl.1p']
and

(c) o+ 0| < |pl+10.

The inequality (c) is called the triangle inequality, signifying that the length of any side
of a triangle is less than or equal to the sum of the lengths of the other two sides.

Proof. By definition, if p is positive, |p|, resp. | — pl, is p, resp. —p, whence (a). The
assertion (b) is easy, so we will concentrate on (c). If p and p’ have the same sign, or if one
of them is zero, we see that |p + p/| simply equals |p| + |p’|. So let us assume that they are
both non-zero and have opposite sign. Interchanging p and p’ if necessary, we may assume
that p is positive and p' is negative. Write p’ = —py, so that p; is positive and |p| + |¢/| is
p+p. So we need to show that

lp=pil < p+p1,

for positive p, p1. The left hand side is p — p; if p1 < p, in which case the assertion is clear.
So let p be less than p;. Then the left hand side is p; — p, and again the assertion is clear.
O

1.8 Complex Numbers

. From here on, we will begin to denote real numbers with letters like x,y, z, . .. near the end
of the (Roman) alphabet, instead of the Greek ones. Note that the definitions we gave in
section 1.5 are such that for every non-zero real number z, its square 22 = x - x is always
positive. Consequently, R does not contain the square roots of any negative number. This
is a serious problem which rears its head all over the place.

It is a non-trivial fact, however, that any positive number has two square roots in R, one
positive and the other negative; the positive one is denoted /. One can show that for any

x in R,
lz| = V- .

So if we can somehow have at hand a square root of —1, we can find square roots of any real
number.
This motivates us to declare a new entity, denoted 7, to satisfy

i* = -1
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One defines the set of complex numbers to be
C = {z+iy|z,y € R}
and defines the basic arithmetical operations in C as follows:
(z+iy) £ (@' +1iy) = (x+2) +i(y+y),

and
(z +iy) (@' +iy) = (z2’ —yy') +i(zy + 2'y).
There is a natural one-to-one function

R — C, x— x+1i.0,

compatible with the arithmetical operations on both sides.

It is an easy exercise to check the field axioms (F'1) — (F'8) for C. To get the remaining
(F9), however, one has to give an argument. To this end one defines the complex conjugate
of any z = x 4+ iy in C to be

zZ =x—1y.

Clearly,
R ={ze€C|z="z}

If z =2 + iy, we have by definition,
2Z = 22 + 4%

In particular, 2% is either 0 or a positive real number. Hence we can find a non-negative
square root of zZ in R. Define the absolute value, sometimes called modulus or norm, by

|z| = Vz2Zz = a2+ 2.

If z= 2+ iy is not 0, we will put

It is a complex number satisfying

Thus (F9) holds in C as well. Moreover, it is straightforward to check that the Proposition
of section 1.6 holds for the absolute value on C. Hence C is a field with an absolute value,
just like R.

It is natural to think of complex numbers z = x + iy as being ordered pairs (z,y) of
real numbers. So one can try to visualize C as a plane with two perpendicular coordinate
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directions, namely giving the z and y parts. Note in particular that 0 corresponds to the
origin O = (0,0), 1 to (1,0) and ¢ with (0,1).

Addition of complex numbers has then a simple geometric interpretation: If z = x + 7y,
2! = 2’ + 1y’ are two complex numbers, represented by the points P = (z,y) and @ = (2, /)
on the plane, then one can join the origin O to P and @), and then draw a parallelogram
with the line segments OP and OQ) as a pair of adjacent sides. If R is the fourth vertex of
this parallelogram, it corresponds to z + z’. This is called the parallelogram law.

Complex conjugation corresponds to reflection about the z-axis.

The absolute value or modulus |z| of a complex number z = x + iy is, by the Pythagorean
theorem applied to the triangle with vertices O, P = (z,y) and R = (z,0), simply the length,
often denoted by r, \/x? + y? of the line OP.

The angle 6 between the line segments OR and OP is called the argument of z. The pair
(r,0) determines the complex number z. Indeed High school trigonometry allows us to show
that the coordinates of z are given by

xr = rcos and y = rsinf,
where cos (or cosine) and sin (or sine) are the familiar trigonometric functions. Consequently,
z = r(cosf + isind).
Those who know about exponentials (to be treated later in the course) will recognize the
identity

e = cosf + isind.

This can also be taken as a definition of €.
Note that e has absolute value 1 and hence lies on the unit circle in the plane given by
the equation |z] = 1.
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2 Sequences and Series

In this chapter we will study two related questions. Given an infinite collection X of numbers,
which can be taken to be rational, real or complex, the first question is to know if there is
a limit point to which the elements of X congregate (converge). The second question is to
know if one can add up all the numbers in X.

Even though we will be mainly thinking of Q, R or C, many things will go through for
numbers in any field K with an absolute value |.| satisfying |0] = 0, |z| > 0 if x # 0,
lzy| = |x| - |y|, and the triangle inequality |z + y| < |x| + |y

A necessary thing to hold for convergence is the Cauchy condition, which is also sufficient
if we work with R or C, but not Q. What we mean by this remark is that a Cauchy sequence
of rational numbers will have a limit L in R, but L need not be rational. One can enlarge Q
to have this criterion work, i.e., adjoin to Q limits of Cauchy sequences of rational numbers,
in which case one gets yet another construction of R. This aspect is discussed in section 2.3,
which one can skip at a first reading.

The last three sections deal with the second question, and we will derive various tests for
absolute convergence. Sometimes, however, a series might converge though not absolutely.
A basic example of this phenomenon is given by the Leibniz series

11 1 1 1 s

l—— 4+ -4 - - =

3+5 7+9 11—1—...—4.

But the series on the left is not absolutely convergent, i.e., the series 1+ % + % + ... diverges.

2.1 Convergence of sequences

Let K denote either Q or R or C. When we say a number, or a scalar, we will mean an
element of K. But by a positive number we will mean a positive real number. (One could
restrict to positive rational numbers instead, and it will work just as well to use this subset.)

By a sequence, or more properly an infinite sequence, we will mean a collection of numbers

A1,A2,03, ... ,0p, Qpt+1,-- -,

which is indexed by the set N of natural numbers. We will often denote it simply as {a,}.

A simple example to keep in mind is given by a,, = %, which appears to decrease towards
zero as n gets larger and larger. In this case we would like to have 0 declared as the limit of
the sequence.

It should be noted that if we are given a collection of numbers indexed by any countably
infinite set, we can reindex it by N and apply all our results below to it. For example, given
M > 0 and {¢,|n > —M}, we can renumber it by putting a, = c,+n and get a sequence
indexed by N.

We will say that a sequence {a,} converges to a limit L in K iff for every positive
number € there exists an index N such that

(2.1.1) n>N = |L—a,| <e
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It is very important to note that we have to check the condition above for every positive e.
Clearly, if (2.2.1) holds for NV, it also holds for any N’ > N.
When {a,} does converge to a limit L, we will write
ap, — L or lima, = L.
When we write n — oo, we do not necessarily mean that there is a number called oo, which

we have certainly not defined; we mean only that n becomes arbitrarily large. In other words
we want to know what happens to a, when n is larger than any number one can think of.

Let us quickly prove that lim % is 0, as expected. For any positive number €, we can find

n—oo

a rational number /N such that 0 < % < €. Indeed, by the property R4 of R (see section 1.0),
we can find a rational number ¢ with 0 < ¢ < €, and since ¢ s a positive rational number,
we can find an N > 0 such that % < q. So for every n > N, we have

1
0——| = - < < €,
n

1 1
n N
proving that % does converge to 0.

When a sequence does not converge to any number L, we will say that it diverges. A
simple example is given by the sequence {1,—1,1,—1,1,—1,...}. Given any € < 1, we will
be unable to find an N for which (2.1.1) holds for any L. This is so because for any N
{ani+1,an42} = {1, —1}, and (for any L) at least one of them will be at a distance > 1 from
L; to see this use the triangle inequality |L — ant1| < |L — ani2| + |an42 — an+1], together
with ’CLN+2 — aN—l—l’ = 2.

Any sequence which converges (to some limit) will be called a convergent sequence, and
one that does not converge will be called a divergent sequence.

Proposition 2.1.2

(i) If {an} is a convergent sequence with limit L, then for any scalar c, the sequence {ca,}
15 convergent with limit cL;

(i) If {a,}, {bn} are convergent sequences with respective limits Ly, Lo, then their sum

{an + b} and their product {ayb,} are convergent with respective limits Ly + Loy and
LyLo.

The proof is a simple application of the properties of absolute values. To illustrate, let
us prove the assertion about the sum sequence {a, + b,}. Pick any € > 0. Since a,, — Ly
and b, — Lo, we can find N > 0 such that

€

n>N = |Li —a,| < %, |Ly — by, < 5"

Using the triangle inequality we then have, for all n > NV,
€

(L1 + L) — (an +b,)] < |L1 — an| + | Lo — by <§+2

= €.
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Hence a,, + b,, — L1 + Lo.

Corollary 2.1.3 Let {2z, = =, + iyn} be a sequence of complex numbers, with x,,y, real
for each n. Then {z,} converges iff the real sequences {x,} and {y,} are both convergent.

Proof.  Suppose {x,},{yn} are both convergent, with respective limits u,v. We claim
that {z,} then converges to w = u+iv. Indeed, by the Proposition above, {iy,} is convergent
with limit 4v, and so is {z, + iy, }, with limit w. Conversely, suppose that {z,} converges,
say to w. We may write w as u + iv, with u, v real. For any complex number z = = + iy, |z|
and |y| are both bounded by < /22 + y2, i.e., by |z|. Since w — z, = (u — ) + (v — Yn),
we get

lu—x,| < |w—2, and |v—y,| < |w— 2z,

For any € > 0, pick N > 0 such that for all n > N, |w — z,| is < e. Then we also have
|u—x,| < eand |v—y,| is < € for all n > N, establishing the convergence of {x,} and {y,}

with respective limits u and v.
O

Thanks to this Corollary, the study of sequences of complex numbers can be reduced to
that of real numbers.

A sequence {a,} is bounded iff there is a positive number M such that |a,| < M for all
n.

Lemma 2.1.4 If a sequence {a,} converges, then it must be bounded.
Proof Let L be the limit of {a,}. Fix any positive number €. Then by definition, there
exists an N > 0 such that for all n > N, |L — a,| is < €. By the triangle inequality,
|an| < [an — LI+ [L].
So if we set
M = max{ai,as,...,ay, L+ €},

then every |a,| is bounded by M.
U

The converse of this Lemma is not true: Remember that the sequence {1,—1,1,—1,...}
has not limit, but it is bounded in absolute value by 1.

For any real number x and consider the power sequence {z"}. When x =1 (resp. 0), we
get the stationary sequence {1,1,1,...} (resp. {0,0,0,...}), which is obviously convergent
with limit 1 (resp. 0). When z = —1, we get {—1,1,—1,...}, which is divergent, as we saw
above. Applying the following Lemma we see that this sequence is unbounded when |z| > 1,
hence divergent, and that it converges to zero when |z| < 1.

Lemma 2.1.5 Let y be a positive real number. Then {y"} is unbounded if y > 1, while

lim y" =0 if y<l1.

n—oo
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Proof of Lemma. Suppose y > 1. Write y = 1+t with ¢ > 0. Then by the binomial
theorem (which can be proved by induction),

= (141" = i (%)

k=1

which is > 1 4+ nt. Since 1 + nt is unbounded, i.e, larger than any number for a big enough
n, y" is also unbounded.
Now let y < 1. Then y~! is > 1 and hence {y™"} is unbounded. This implies that, for
any € > 0, y™ is < € for large enough n. Hence the sequence y™ converges to 0.
O

A sequence of real (or rational) numbers a, is said to be monotone increasing, resp.
monotone decreasing, iff for all n, a, < a,i1, resp. a, > ay41; it is said to be simply
monotone if it is either monotone increasing or monotone decreasing.

Theorem A If{a,} is a bounded, monotone sequence of real numbers, then it converges
mn R.

Proof. Suppose {a,} is monotone increasing. Since R is a complete ordered field,
every bounded subset has a least upper bound. Since {a,} is bounded, we may look at its
supremum M, say. We claim that a,, — M. Suppose not. Then there exists an ¢ > 0 such
that for every N > 0, there exists an n > N such that |M — a,| > €. Since the sequence is
monotone increasing, we then have

lan| < M—%, Vn > 1.

Then M — § is an upper bound for {a,}, and so M could not be the least upper bound.

Contradiction! So M must be the limit of the sequence.
Now suppose {a,} is monotone decreasing. Then the sequence {—a,} is monotone in-

creasing, and it is bounded because {a,} is. So {—a,} converges; then so does {a,}.

U
Here is an example. Define a sequence {a,} by putting
A
an = —+ 4. —.
TP (n— 1)

It is not hard to see that this sequence is bounded. Try to give a proof. (In fact one can show
that it is bounded by 3, but we do not need the best possible bound at this point.) Clearly,
(n+1 > ap, SO the sequence is also monotone increasing. So we may apply the Theorem and
conclude that it converges to a limit e, say, in R. But it should be remarked that one can
show with more work that e is irrational. So there is a valuable lesson to be learned here.
Even though {a,} is a bounded, monotone sequence of rational numbers, there is no limit
in Q; one has to go to the enlarged number system R.

A subsequence of a sequence {a,} is a subcollection indexed by a countably infinite subset
J of N. For example, {as,} and {as,+1} are subsequences.
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Theorem B Suppose {a,} is a bounded sequence of real numbers. Then it has a subsequence
which converges.

Proof. Put
J = {meNla, <a,Vn>m}.

Suppose J is an infinite set. Write its elements as my, ms, ms,.... By definition, we have
Amy = Qm, = M3 > ...

So the subsequence {a,,|m € J} (of {a,}) is a bounded, monotone decreasing sequence,
hence convergent by Theorem A. We are done in this case.

Now suppose J is finite. Pick an n; which is larger than any element of J, which is
possible. Then we can find an ny > n; such that a,, < a,,. Again we ca find an ns such that
Uny < Qng, and so on. This way we get a subsequence {ay,, Gn,, @n;, ...} which is bounded
and monotone increasing, hence convergent by Theorem A.

O

2.2 Cauchy’s criterion

The main problem with the definition of convergence of a sequence is that it is hard to verify
it. For instance we need to have a candidate for the limit to verify (2.1.2). One wants a
better way to check for convergence. As seen above, boundedness is a necessary, but not
sufficient, condition, unless the sequence is also monotone (and real). Is there a necessary
and sufficent condition? A nineteenth century French mathematician named Cauchy gave
an affirmative answer for real sequences. His criterion also works for complex sequences.

A sequence {a,} is said to be a Cauchy sequence iff we can find, every positive €, an
N > 0 such that

(2.2.1) |am — an| < € whenever n,m > N.

This is nice because it does not mention any limit.
Lemma 2.2.2 FEvery convergent sequence is Cauchy.

Proof.  Suppose a, — L. Pick any € > 0. Then by definition, we can find an N > 0

such that for all n > N, we have
€

L—a,| < =
L= < 5
Then for n,m > N, the triangle inequality gives
€ €
m— On| < |y — L L—a, <z+5=c¢c
lam — an] < |a |+ |L — ay| 5T5 =¢

O

Lemma 2.2.3 A complex sequence {z, = x, + iy,}, with x,,y, real, is Cauchy iff {z,}
and {y,} are convergent.
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Proof.  Suppose {x,},{yn} are both Cauchy. Pick any ¢ > 0. Then we can find an
N > 0 such that for all m,n > N,
€

€
m— Tn| < =, d m — Un| < —.
|z T 5 and |y Yn| 5

Since zpy, — 2 18 (T, — ) + 1(Ym — yn) and |i| = 1, , we get by the triangle inequality,
12m — 2Zn| < |Tm — Zn| + |Ym — yn| < €.

Conversely, suppose that {z,} is Cauchy. Recall that for any complex number z = x +1iy, |z|
and |y| are both bounded by < \/x2 + 92, i.e., by |z|. This immediately implies that {z,}
and {y,} are Cauchy.

U

Here comes the beautiful result of Cauchy:

Theorem C Fvery Cauchy sequence of real (resp. complex) numbers converges in R (resp.

C).

Proof. By Corollary 2.1.3, a sequence {z, = x,, +iy,} of complex numbers is convergent
iff the real sequences {z,} and {y,} are convergent. By Lemma 2.2.3, {z,} is Cauchy iff
{zn}, {yn} are. So it suffices to prove Theorem C for real Cauchy sequences {a,}.

First note that such a sequence must be bounded. Indeed, fix an € > 0 and find an N > 0
for which (2.2.1) holds. Then for all n > N, a,, lies between ani1 — € and ay41+ €. Then the
set {a, |n > N} is bounded. Then so is the entire sequence because {ai,...,ay} is finite.

Now since {a,}is a bounded, real sequence, we can apply Theorem B and find a sub-
sequence {am, , Gm,, - ..} which converges, say to the limit L. We claim that the original
sequence {a,} also converges to L. Indeed, let € be an arbitrary positive number. Then we
can find an N > 0 such that for all my,n > N,

€ €
L — am,| < 5 and @, —an| < 5

Applying the triangle inequality we get
|L —a, <e Vn>N,

proving the claim.

2.3 Construction of Real Numbers revisited

Given any Cauchy sequence {a,} of rational numbers, we may of course view it as a real
sequence and apply Theorem C to deduce that it converges to a limit L, say. But this L
need not be rational. This leads us to wonder if all the real numbers could be constructed
by adjoining limits of Cauchy sequences of rational numbers. This is essentially correct, and
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this approach is quite different from that given in chapter 1. Now let us explain how it is
done.

Let us begin by pretending that we do not know what real numbers are, but that we
know everything about rational numbers.

The first thing to note is that different Cauchy sequences of rational numbers might have
the same limit. For example, the sequences {0,0,0,...} and {1, %, %, ...} have 0 as their
limit. So we define an equivalence between any pair of Cauchy sequences {a,} and {b,}
with a,, b, € Q are as follows:

(2.3.1) {a,} ~ {bn} & nh_)rgo (an, —b,) = 0.

It will be left as a good exercise for the students to check that ~ is indeed an equivalence
relation in the sense of chapter 0.

Denote the equivalence class of any {a,} by [a,]. It is not hard to check that given two
classes [a,] and [b,], they are either the same or disjoint, i.e., no rational Cauchy sequence
{cn} can belong to two distinct classes.

Define a real number to be an equivalence class [a,,] as above. Denote by R the collection
of all real numbers in this sense. We then have a natural, mapping

Q—-R,q¢—1¢,49q.. ]

where [q,q,q,...] is the class of the stationary sequence {q¢,q, ¢, ...} (which is evidently
Cauchy). This mapping is one-to-one because if ¢,¢" are unequal rational numbers, then
{¢,4,q, ...} cannot be equivalent to {¢,¢,¢,...}.

Consequently, we have 0 and 1 in R.

We know that the sum and product of Cauchy sequences are again Cauchy. So we may
set
lan] £ [bn] = [an £b,], and  [a,] - [bn] = [anbs].

It is immediate that one has commutativity, associativity and distributivity.

It remains to define a multiplicative inverse of a non-zero element p of R. Let {a,} be a
Cauchy sequence belonging to p. Since p is non-zero, all but a finite number of the a,, must
be non-zero. Let {a,,} be the subsequence consisting of all the non-zero terms of {a,}.
Then this subsequence also represents p, and we may set

p = lam)-
Check that this gives a well defined multiplicative inverse.

Now it is more or less obvious that R is a field under these operations, containing Q as
a subfield.

Next comes the notion of positivity. Define a real number p to be positive iff for some
Cauchy sequence {a,} representing p, we can find an N > 0 such that a,, is positive for all
n > N. Check that this intuitive notion is the right one.

Armed with this powerful notion, one sees that R becomes an ordered field. By defin-
ition, the ordering on R is compatible with the usual one on Q.

30



Finally, every Cauchy sequence converges in R. This is a nice consequence of our con-
struction. When p is represented by a Cauchy sequence {a,}, the sequence is forced to
converge to p.

Now we will end this section by discussing how one can mathematically define real num-
bers via their decimal expansions, which everyone intuitively understands. Here is what
one does.

Define a real number to be a pair (m,{a,}), where m is an integer and {a,} is a
sequence of non-negative integers, with the understanding that a,, is not all 9 after some
index N. One often writes

(m,{a,}) = m+ Z a,107".

If we have a rational number of the form m+ ) a,, we will identify it with (m, {a,}) with
n=1
an, = 0 for all n > r.

Define an ordering by setting
(m,{a.}) < (k,{bn,}) & m <k or m=k3ANst.ay < by, a,=0,Vn < N.

This leads quickly to the least upper bound property, so we can take the suprema of
bounded sets.

Given any real number p = (m, {a,}), we will define, for each r > 1, its truncation at
stage r to be

Pr :m—l—Zan e Q.
n=1

Evidently,
p = sup{p, |r = 1}.

So it is natural to set, for real numbers p, o/,

pEp = sup{p, £p.}

and
p-p = sup{py-pi}.

The definition of the multiplicative inverse of a non-zero p is left as an exercise.

2.4 Infinite series

Given a sequence {a,}, we will often want to know if we can sum the terms of the sequence,
denoted

(2.4.1) S = i i,
n=1
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and get something meaningful. Such an infinite sum is called an infinite series.
A natural way to proceed is as follows. We know how to sum, or any n > 1, the first n
terms of the sequence, namely

(2.4.2) Sp = i Q.
m=1

This way we get another sequence {s,}, called the sequence of partial sums. (One calls s,
the nth partial sum.) We will say that the original sequence {a,} is summable, or that the
infinite series (2.4.1) is convergent, iff the sequence of partial sums converges.

Let us first look at the example of a geometric series. Fix any real number z with
|z| < 1, and put
a, = 2" (Vn>1),

and
(2.4.3) S:Zx”_1:1+x+x2+x3+...
n=1
We claim that
B 1—2x"
Sy = T

Indeed, we have
(1—2)s, = (I—2)(1+x+2°+.. 42" ) = l—2)+(z—2)+...+ (" ' =2") = 1-2",

proving the claim.
Now by Lemma 2.1.5 (and the discussion preceding it), we have

" — 0 since |z| < 1.

Consequently,

1
(2.4.2) S = lim s, =

n—00 1—.1"

Check that the series is divergent if |z| > 1.

Lemma 2.4.3 If{a,},{b.} are summable sequences, then so is {cia, + c2b,} for any pair
of scalars ¢y, co.

The proof is straight-forward and will be left as an exercise. The reader should take note,
however, that nothing is claimed here about the product of two sequences.

We will say that a series Y a, is absolutely convergent if the series > |a,| is convergent.
n>1 n>1

In this case one also says that the sequence {a,} is absolutely summable. This notion is
important and makes us want to understand well the summability of positive sequences,
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which will be our focus in the next section. It should be noted however (see section 2.6) that
there are summable sequences, which are not absolutely summable.

One of the most important reasons for studying absolutely summable sequences is that
it allows one to study the product of two sequences. This is encapsulated in the following
Proposition, which we will quote without proof.

Proposition 2.4.4 Suppose {a,}, {b,} are two absolutely summable sequences. Consider
the sequence {c,} with
Cp = H aibj.

i+j=n
Then {c,} is absolutely summable and moreover,

o0 o0 o0
E Cp = E Qn * E by,.
n=1 n=1 n=1

2.5 Tests for Convergence

We will concentrate mainly on the summability of sequences with non-negative terms.
The first thing one notices about such a sequence {a,} with each a, non-negative, is that
s1 <82 < .. < S, S

i.e., {s,} is monotone increasing. In view of Theorem A, we then get the following

Lemma 2.5.1 A sequence of non-negative numbers is summable iff the associated sequence
{sn} of partial sums is bounded.

The first test for convergence is given by the following

Proposition 2.5.2 (Comparison test) Let{a,}, {b,} be non-negative sequences of real
numbers, such that

(i) an < by, for alln >1; and

(ii) The sequence {b,} is summable.
Then {a,} is summable.

Proof. Let s,, t, denote the n-th partial sums of {a,}, {b,} respectively. Then we have
(for all n
Sn < 1.

Since by hypothesis the sequence {b,} is summable, the sequence {t,} converges. Then the
tn, and hence the s,, must be bounded. So the sequence {a,} is summable by Lemma 2.5.2.
U

Here comes the second test.

Proposition 2.5.4 (Ratio test)) Let {a,} be a sequence of non-negative terms. Suppose
the sequence {an11/an} of ratios converges to a real number r.

33



(i) If r < 1, then {a,} is summable;

(i1) If r > 1, then {a,} is not summable, i.e., the series Y a, diverges.
n>1

It is important to note that this test says nothing when r = 1.

Proof. Suppose r is less than 1. Pick any € > 0 with r +€ < 1. Write t = r + ¢, so that
r <t < 1. Then as {an41/a,} converges to r, we can find an N > 0 such that for all n > N,
|1 — ant1/a,| < €. This implies that

an—l—l
Qp

n>N = < t.

In other words,
2
ant2 < CLN_Ht, an43 < aN+2t < CLN_Ht e

We can rewrite it as saying that for all 7 > 1, we have

i—1
an+j < an1t’”

so that
o0 o0
j—1
aN+; < AGN+1 t .
=1 j>1
This converges by the comparison test, because the geometric series Zj>1 t/=1 occurring on

the right is convergent as ¢ is positive and < 1 (with limit 7). Consequently, the (partial)

series Y a,, and hence the whole series > a,, converges.
n>N n>1

When r > 1, one sees easily that the sequence of partial sums is not bounded, hence
divergent.
O

Given a positive real number x and a positive integer n, there is a unique positive real
number, denoted x'/", which is an n-th root of z, i.e., (z¥/™)" = 2. We will also set 0/ = 0.

Proposition 2.5.5 (Root test) Let {a,} be a sequence of non-negative real numbers.

Suppose the associated root sequence {a}/ "} is convergent with limit R, Then the following
hold:

(i) If R < 1, then the series > a, converges;

n>1

(i1) If R > 1, then the series Y a, diverges.

n>1

Just as in the Ratio test, this test says nothing when R = 1.
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Proof.  Suppose R < 1. Pick any € > 0 with R +€¢ < 1. Write t = R + ¢, so that
R <t < 1. Then as {a)/"} converges to R, we can find an N > 0 such that for all n > N,

IR — ay/™| < €. This implies that
n>N = qa, <t"

Hence
Sa<Yreye
n>N n>N n>1
The (partial) series on the left now converges by the comparison test, because the geometric

series ) ., t" occurring on the right is convergent (as ¢ is positive and < 1). Consequently,

the complete series ) a,, also converges.
n>1
When R > 1, the sequence of partial sums is not bounded, hence divergent.

2.6 Alternating series

One of the most beautiful formulas in Mathematics is the formula of Leibniz for 7 /4 given
at the beginning of this chapter. It is one of the glorious examples of what are known as
alternating series, i.e., whose terms alternate in sign, which converge but not absolutely.
Some people use the terminology conditional convergence for this phenomenon. Leibniz was
amazing in that he not only found a slew of such formulas, he also discovered a theorem
which gives precise conditions on an alternating series to be convergent. Let us now state
and prove it.

Theorem D (Leibniz) Let {b,} be a sequence of non-negative, monotone decreasing
sequence such that

lim b, = 0.
Then the alternating series
S =) (1", = by —by+bs—bs+ ...
n=1

18 convergent.

Proof. Put a, = (—1)""b, and
Sn — (L1+(L2+...+an = bl_b2++(_1)n+lbn

We have to show that the sequence {s,} of partial sums converges. First note that for any
n>1,

(2.6.1) Sop = San—1 — ban < San-1,
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since the b; are non-negative. We also have (for all n > 2)

(2.6.2) Son = Son—2 + ban—1 — ban < Sop-2,
and
(2.6.3) San—1 = San—3 — ban—2 + ban—1 > Son—3,

both since the b; are monotone decreasing.
Now let 7,5 be natural numbers such that ¢ is even and j odd. Then we may pick an
n > 0 such that 2n >4 and 2n—1 > j. Applying (2.6.1), (2.6.2) and (2.6.3), we deduce that

(264) Si S Son S Son—1 S Sj.

In particular, s; is bounded from above, for any even index ¢, by s; = b;. Similarly, for any
odd index j, s; is bounded from below by sy = by — bs.

The inequalities given by (2.6.2) and (2.6.3) show that the subsequence {ss,} is monotone
increasing and {s2,—1} is monotone decreasing. Since the former is bounded from above,
and the latter from below, they both converge, say to respective limits ¢ and L, i.e., we have

lim sy, = ¢ < L = lim S9,_1.

n—oo n—oo

The assertion ¢ < L follows from (2.6.4).
Finally, note that by definition,

Sop — So2p—1 = —bap.

Since the b, converges to zero as n — 00, we see that the subsequences {ss,} and s9,—1 must
both converge to the same limit, i.e., { = L. Consequently,

lim s, = L.

n—oo

Here are some examples of alternating series:

1 1 1
2.6. S i =1—=—4+—-——=—4...
(2.6.5) 1 2+3 4+

1 1 1
2.6.6 So =1—=—4+—-— =4 ...
( ) 2 3+5 7+

7.‘.2 7.‘.5 7.‘.7
(2.6.7) ngﬂ—ﬁ—i-a—ﬁ—l-...
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Clearly, {2} and {57} are non-negative, decreasing sequences converging to zero. So we
may apply Leibniz’s theorem above and conclude that S; and Sy converge. Even though we
will not evaluate these limits here, let us note that

™

(2.6.8) S1 = log2 and S; = 1

Let us now turn to (2.6.7). We need to know that

n n—1
(2.6.9) T < T
n! (n—1)!
and that
(2.6.10) L' — 0 as n— 0.
n!

Since 7 is known to be < 4, (2.6.9) is satisfied for all n > 4, and when we study exponential
functions later in the course, we will see the truth of (2.6.10). So by Leibniz’s theorem, the
series starting with n = 4 converges. So S3 itself converges. The amazing things is that one
can show (to come later)

Ss = 0.
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3 Basics of Integration

In this chapter we will study integration of reasonable functions over nice subsets A of R.
We will not consider here the integration of complex-valued functions or the integration over
subsets of C; that is in essence a part of vector calculus (Malc material), since C identifies
with the plane {(x,y) | z,y € R}.

Before beginning our rigorous treatment of integration, which might be a bit abstract for
some, here is the intuitive idea behind it. Given any function f : A — R, A C R, we can
consider its graph defined to be

F(f) = {(l‘,y)’l'EA,y:f(l')},

which is typically a curve in the plane. If f is non-negative on A, the graph will lie above
the (horizontal) z-axis, though it might touch the x-axis at places. We would like to define
the integral of f over A to be the area, if it makes sense, of the region between the graph
of f and the part of the z-axis lying in A. It is helpful to first think of A as being a closed
interval [a, b], i.e, the set of points z in R with @ < x < b. (Necessarily, a < b.) Then the
area we want will be bounded by the graph I'y, the z-axis, and the vertical lines {y = f(a)}
and {y = f(b)}.

Consider, for example, the squaring function f(z) = z?, with A being the interval [0, 1].
(See the figure enclosed as an attachment to this chapter.) How can we define and compute
I(f) = fol f(x)dx ? For this we follow a method introduced by the famous nineteenth century
German mathematician named Riemann. First note that f(x) is a increasing function on this
interval. Roughly speaking (see section 3.2 for a precise description), one chooses numbers
0<t; <<ty <...<t,=1and looks at the upper sum, which corresponds in the attached
figure to the area of the whole hatched area, and the lower sum, which corresponds within
it, to the area of the darker region. One sees that the desired integral is caught between
the upper and lower sums. As n gets larger, the difference A, between the upper and lower
sums gets smaller,which means that the hatched areas approximate the integral better. In
the limit, as n goes to infinity, this difference becomes zero. In other words, the integral is
the limit, as n goes to infinity, of either the upper sum sequence, or the lower sum sequence.
For a general function f(z), A, may not converge to zero as n goes to infinity, and in such
a case we will say that the integral does not exist. It is important to know that the integral
might not exist in a given situation, even though in many practical situations f is continuous,
and the integral exists.

3.1 Open, closed and compact sets in R

Given any pair of real numbers a, b with a < b, one sets
(a,b) = {xr e R|a <z < b},
called the open interval with endpoints a, b,

la,b] = {z € R|a <z < b},
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called the closed interval with endpoints a, b,
(a,b] = {x e R|a < x < b},

and
la,b) = {x e R|a < x < b}.

The sets (a,b] and [a,b) are called half-open (or half-closed) intervals.
For a € R, we will call an interval of the form (a — r,a + r) (for some r > 0) an open
interval centered at a. Some people call it a basic open set in R.

Remark. It is important to note that given any pair of open intervals I, I, we can find
an open interval I contained in their intersection I; N Is.

Given any subset X of R, let us denote by X¢ the complement R — X in R. Clearly, the
complement of the empty set () is all of R.

Let A be a subset of R and let y be a point in R. Then there are exactly three possibilities
for y relative to A:
(3.1.1)

(IP) There exists an open interval I containing y such that I C A.

(EP) There exists an open interval I centered at y which lies completely in the complement
A of A.

(BP) Every open interval centered at y meets both A and A°.

In case (IP), y is called an interior point of A. In case (EP), y is called an exterior
point of A. In case (BP), y is called a boundary point of A. Note that in case (IP)
y € A, in case (EP) y ¢ A, and in case (BP) y may or may not belong to A.)

Definition 3.1.2 A set A in R is open if and only if every point of A is an interior point.
Explicitly, this says: “Given any z € A, we can find an open interval I containing z such
that I C A.”

Definition 3.1.3 A subset A of R is closed if its complement is open.
Lemma 3.1.4 A C R is closed iff it contains all of its boundary points.

Proof. Let y be a boundary point of A. Suppose y is not in A. Then it belongs to A€,
which is open. So, by the definition of an open set, we can find an open interval I containing
y with I C A°. Such a I does not meet A, contradicting the condition (BP). So A must
contain y.

Conversely, suppose A contains all of its boundary points, and consider any z in A¢. Then
z has to be an interior point or a boundary point of A¢. But the latter possibility does not
arise as then z would also be a boundary point of A and hence belong to A (by hypothesis).
So z is an interior point of A°. Consequently, A¢ is open, as was to be shown.

U
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Examples:
(3.1.5)
(1) The empty set ¢ and R are both open and closed.

Since they are complements of each other, it suffices to check that they are both open,
which is clear from the definition.
(2) Let {W,} be a (possibly infinite and perhaps uncountable) collection of open sets in R.
Then their union W = U,W,, is also open.

Indeed, let y € W. Then y € W, for some index «, and since W,, is open, there is an
open set V' C W, containing y. Then we are done asy € V. C W, C W.
(3) Let {Wy, Wy, --- W, } be a finite collection of open sets. Then their intersection W =

() W; is open.
j=1

Proof. Let y € W. Then y € W, V5. Since each W} is open, we can find an open interval I;
such that y € I; C W;. Then, by the remark above, we can find an open interval I contained
in the intersection of the I; such that y € I. Done.

Warning: The intersection of an infinite collection of open sets need not be open, as shown
by the following (counter)example. Put, for each k > 1, W, = (—%, %) Then N Wy, = {0},
which is not open.

(4) Any finite set of points A = {Py,..., P.} is closed.

Proof. For each j, let U; denote the complement of P; (in R). Given any z in U;, we can
easily find an open interval V; containing z which avoids P;. So U; is open, for each j. The
complement of A is simply N_,U;, which is then open by (4).

More generally, one can show, by essentially the same argument, that a finite union of
closed sets is again closed.

It is important to remember that there are many sets A in R which are neither open nor
closed. For example, look at the half-closed, half-open interval [0,1) in R.

It is customary to extend slightly our notion of an open interval, which some would call
a finite open interval, and define infinite open intervals, for all a € R, by
(a,00) = {z €Rla <z}
and
(—o0,a) = {r e R|z < a}.

At times we will also write (—oo, 00) for R.

We are not (at all) claiming here that there are real numbers called oo and —oo. They
are introduced mainly for notational convenience. It is seen easily that these infinite open
intervals are indeed open — use example (2) above.

One also defines infinite half-open intervals (for all a € R) by

la,00) = {x € R|a < z},
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and
(—o0,a] = {x e R|z <a}.

Since there are no such numbers as oo and —oo in the real number system, it does not make
sense to define closed infinite intervals.

We will call a subset Y of R a bounded set iff we can enclose it in a closed interval,
iw., Y C [a,b] for some real numbers a,b with a < b.

This clearly agrees with the notion of boundedness of sequences encountered in the pre-
vious chapter.

Definition 3.1.6 A subset C' of R which is both closed and bounded is called a compact
set.

This definition implies, in particular, that any closed interval [a,b] is compact. It
will turn out later on that compact sets get sent to compact sets under continuous functions.

3.2 Integrals of bounded functions

We will first discuss the question of integrability of bounded functions on closed intervals,
and then move on to integration of continuous functions, and then to integration over more
general sets in R. The main tool will be to approximate the integral from above by the
upper sum and from below by the lower sum, relative to various partitions. This method
was introduced by the famous nineteenth century German mathematician Riemann, and it
is customary to call these sums Riemann sums.

To begin, let us define the length of a closed interval [a, b] to be
{([a,b]) = b—a.

Note that the interior of [a, b] is simply the open interval (a,b).

By a bounded function on a set A, we will mean a function
f:A—R,

such that the image f(A) of f is bounded.

Definition 3.2.1 A partition of a closed interval [a,b] is a finite collection P of closed
subintervals Jy, Ja, ..., J. C |a,b] such that

(i) la,b] = Ui_,J;, and
(ii) the interiors of J; and J; have no intersection if i # j.

Giving such a partition of [a, b] is evidently the same as giving r+1 points to, t1, ..., t,—1,,
in R such that

(3.2.2) a=1t) <t << ...<t,; <t =b.
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The corresponding intervals J; are obtained by setting

Jj = [tj_l,tj] VJ > 1.

Definition 3.2.3 A refinement of a partition P :a =1, < t; < ... < t, =b of |a,b] is
another partition P' 1 a =ty < t) < ... <t = b with {t;|]1 <i < n} contained in the set
{1 <5 <m}.

It is clear from the definition that given any two partitions P, P’ of [a, ], we can find a
third partition P” which is simultaneously a refinement of P and of P’. Indeed, if P is given
by the set {t;|0 < i <r} and P’ by {u; |0 < j < s}, P"” can be taken to be defined by the
union {¢;,u; |0 <ir,0 < j <s}. Such a P” is called a common refinement of P, P'.

Now let f be a bounded function on [a,b], and let P = {a =ty < t1 < ... < t,, = b}
a partition of [a,b]. Then f is certainly bounded on each [T;_1,¢;]. Remember that it was
proved in Chapter 1 that every bounded subset of R admits a sup, the least upper bound,
and an inf, the greatest lower bound.

Definition 3.2.4 The upper, resp. lower, sum of f over [a,b] relative to the partition
P={a=ty<ti <...<t, =0} is given by

r

U(f,P) = > (t; = tia)sup(f([Tj-1,1;)))

J=1

resp.
,

L(f,P) = Y (t; = t;) inf(f([Tj-1,1,])).

j=1

Of course we have
L(f,P)<U(f,P), for all P.

More importantly, it is clear from the definition that if P’ = {J;}/*, is a refinement of
P, then
L(f,P) < L(f,P") and U(f,P) <U(f,P).

Put
(3.2.5) L(f)={L(f, P) | P partition of [a,b]} CR

and
U(f) ={U(f, P) | P partition of [a,b]} C R.

Lemma 3.2.6 L(f) admits a sup, denoted L(f), and U(f) admits an inf, denoted I(f).

Proof. Thanks to the discussion in Chapter 1, all we have to do is show that L(f) (resp.
U(f)) is bounded from above (resp. below). So we will be done if we show that given any two
partitions P, P’ of [a,b], we have L(f, P) < U(f,P’) as then L(f) will have U(f, P’) as an
upper bound and U( f) will have L(f, P) as a lower bound. Choose a third partition P” which
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refines P and P’ simultaneously. Then we have L(f, P) < L(f,P") < U(f,P") < U(f,P').
Done.
U
We always have

I(f) < I(f).

It is customary to call I(f) the lower integral, and I(f) the upper integral, of f over
a, b].

Definition 3.2.7 A bounded function f on [a,b] is integrable iff I(f) = I1(f). When such
an equality holds, we will simply write I(f) (or Ijay(f) if the dependence on [a,b] needs to
be stressed) for I(f) (= I1(f)), and call it the integral of f over [a,].

Quite often we will write
b b
1n=[1 o [ taan

In practice one is loathe to consider all partitions P of [a,b]. The following lemma tells
us something useful in this regard.

Lemma 3.2.8 Let f be a bounded function on [a,b]. Suppose {P,} is an infinite sequence

of partitions, with each P, being a refinement of P,_1, such that the corresponding sequences

{U(f, P.} and {L(f, P,)} both converge to a common limit X in R. Then f is integrable with
b

A= [ f(z)dz.
The obvious question now is to ask if there are integrable functions. One such example

is given by the constant function f(z) = ¢, for all x € [a,b]. Then for any partition
P={A=ty <t <...<t,=0>}, we have

L(f,P) = U(f,P) = CZ(tj—tj—l) = c(b—a).

So I(f) = 1(f) and

/bf:c(b—a).

Definition A step function on [a,b] is a function f on [a,b] which is constant on each
of the closed subintervals [t;_1,t;] of some partition P.

This can be jazzed up as follows.

Lemma 3.2.9 FEwvery step function f on [a,b] is integrable.
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Proof. By definition, there exists a partition P = {a =ty <t; < ... <t, = b} of [a, D]
and scalars {c;} such that f(x) = ¢;, if x € [Tj_1,t;]. Then, arguing as above, it is clear
that for any refinement P’ of P, we have

L(f,P")=U(f,P) = i(/‘j (t; —tj-1).

Hence, I(f) = T(f).
[
Note that for such a step function f defined by (P, {c;}), we have an explicit formula for

the integral, namely
b

/f(ﬂb“)dﬂlj = ch (t; —tj-1).

a

3.3 Integrability of monotone functions

Let f: A — R be a function, with A a subset of R. We will call f monotone increasing,
resp. monotone decreasing, iff we have

r1,72 € A, 11 <9 = f(21) < flz2) (vesp.  f(x1) > f(x2)).
By a monotone function, we will mean a function which is either monotone increasing or
monotone decreasing.

Lemma 3.3.1 Let f be a monotone function on a closed interval [a,b]. Then f is bounded
on [a,b].

Proof.  Suppose f is monotone increasing. Then by definition, f(a) < f(x) < f(b)
for all x in [a,b]. Hence f is bounded by f(a) (from below) and f(b) (from above). If f is
monotone decreasing, the proof is similar and will be left as an exercise.

U

Theorem 3.3.2 Let f be a monotone function on [a,b]. Then f is integrable.

Proof. Suppose f is monotone increasing on [a,b]. Forn > 1, let P, ={a =ty <t; <
... <t, = b} be the partition with

b—a

tj+1—tj: VJSTL—l

Since f is increasing, f(t;) is, for each j, the infof the values of f on the subinterval [t;,#;11],
and f(t;41) is the sup. Hence

b—a

L(f,Pn) = (f(tO)+f(t1)+"'+f(tn—1>>
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and

It follows that b
U(f, Pa) — L(f, Pa) = —=(f(b) — f(a)).

As n goes to infinity, this difference goes to zero. Hence f is integrable by Lemma 3.2.8.

O

b
3.4 Computation of [ z*dx
a

The function f(x) = 2™ is a monotone increasing function for any m > 0. So by Theorem
3.3.2, it is integrable on any closed interval [a, b]. There is a well known formula for the value
of the integral, which can be derived in a myriad of ways. We will give two proofs in this
chapter, and here is the first one — due to Riemann, which uses partitions P = a =ty < t; <
... < t, = b where the subintervals [t;,?;+1] are not of equal length, but where the ratios
ti+1/t; are kept constant.

Riemann’s method, unlike the one we will describe later in section 3.7, is very general,
and works also for z® for any real exponent s # —1, as long as the limits a, b are positive.
We have encountered z® before for rational s, and for those who know about logarithms
and exponentials, 2° is defined for any real s and positive x as e*!°6?; here log x denotes the
natural logarithm of x, which some denote by In(x). It is problematic to define z* for general
s and negative x, except when s is an integer, because numbers like (—1)'/2 are not in R.

Proposition 3.4.1 Let s, a,b be real numbers with s # —1 and a < b. If s is not an integer,
assume that a 1s positive. Then

We will prove this result below only for positive integer values of s, but we will make a
remark after the proof about what one needs for the extension to general s.

When s = —1, one cannot divide by s 4+ 1 and the Proposition cannot hold as stated. It
may be useful to note that for any b > 1,

b

1
/—dx = logb.
x

1

One can take this to be the definition of logb.

Proof of Proposition for positive integral exponents.
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We will take s to be a positive integer m. (The assertion is obvious for m = 0.) We will
also assume, for simplicity of exposition, that a > 0, even though the asserted formula holds
equally well when a < 0. Write

flx) = 2™
Put
(3.4.2) u = bla > 1,
and define, for each n > 1, a partition
(3.4.3) P,ra=ty<ti<ta<...<tp1<t,=0b
such that for each j < n, ‘

t; = au?/™.
Then we have, for all j < n,
(3.4.4) tﬂt_ﬂ N

J

which is independent of ;.
The lower sum is given, for each n, by

[y

n—

n—1
(3'4'5) L(f’ Pn) — (tj+1 — tj)tgn = (ul/n _ 1) Zt;"-’-la
- =0

<
I
=)

n—1 n
where we have used (3.4.4). By the definition of ¢; and the fact that ) 27 = =2 the
j=0
expression on the right becomes

n—1
, 1 — a1 — )
m+1/,1/n jm+1)/n _ _ m+1(
@™ (u 1 ZO Y “ 1 qm+D/n
j:

Since —a™ (1 — u™*1) equals b — ™ we get
(3.4.6)
1 —ut/m 1

_ m+1 _ _m+1 — m+l _ mtl
LU Ba) = O =™ = O = T e

We know that as n — oo, u//™ goes to 1 for any fixed j. This shows that

1 1
3.4.7 lim = .
( ) n—oo 1+ ul/m+u?m 4 4w/ m+1

Consequently, by (3.4.6),
bm—l—l _ am—l—l

3.4.8 lim L(f, P,) =
(3.4.8) lim L(f,P) = %
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On the other hand, since 7', = u™ "t", the corresponding upper sum is

[y

(3.49) UG P = 3 (i — t)@™e) = w/nL(f, ).

J

I
=)

And since ©™/™ — 1 as n — o0, (3.4.8) and (3.4.9) imply that we have

bm—l—l _ am—l—l
lim U(f,P,) = lim L(f,P,) = —— %
lim U(f, B) = lim L(f, F,) e
It follows then (see Lemma 3.2.8) that the (definite) integral of ™ over [a,b] equals this
common limit. Incidentally, this computation shows explicitly that f(z) = 2™ is integrable

and we don’t really need to refer to Theorem 3.3.2.
O

Now suppose we want to prove the full force of the Proposition, i.e., treat the case of an
arbitrary real exponent s # —1, by this method. Proceeding as above, we will get

(3.4.6) L(f, Pn) = (0" = a™ )y (n),

where Y
1—u/"
¢S (n> = 1 _ /U/(S+1)/n Y

and
U(f,P,) = u/"L(f,P,).

As before, u*/™ goes to 1 as n — oo. So the whole argument will go through if we can
establish the following limit:

. 1
Mm ¢s(n) = 77

This can be done, but we will not do it here. In any case, the students should feel free to
use the Proposition for all s # —1.

3.5 Example of a non-integrable, bounded function

Define a function
(3.5.1) f:10,1] - R

by the following recipe. If z is irrational, set f(x) = 0, and if = is rational, put f(z) = 1.
This certainly defines a bounded function on [0.1], and one is led to wonder about the
integrability of f.

Proposition 3.5.2 This f is not integrable.

Proof. Let P be any partition of [0,1] given by 0 =ty < t; < ... < t, = 1. By the
property R4 of R (see section 1.1), we know that there is a rational number between any
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two real numbers. So in every subinterval [t;,t;41] there will be some rational number g; (in
fact infinitely many), with f(g;) = 1 by definition. Consequently,

[y

Uf,P) =) 1-Ga—t) = (to—t) +(tr—ta) + ...+ (tass — tn) = 1,

I
=)

because to = 0 and ¢, = 1.

On the other hand, every interval [c, d] in R must contain an irrational number y. Let us
give a proof. If ¢ or d is irrational, then we may take y to be that number, so we can assume
that ¢ and d are rational. Then the number y = ¢ + (d — ¢)v/2/2 is irrational and lies in
[c, d]. Consequently, for every j, there is an irrational y; in [t;,;41], which implies that

L(f,P) = 0.
Hence

and this is independent of the partition P. So f is not integrable.
U

It should be noted, however, that there are non-zero integrable, bounded functions f on
[0, 1] which are supported on Q, i.e., f(z) is zero for irrational numbers z. But they are not
constant on the rational numbers.

Here is a very useful simple fact about rational numbers in the interval [0, 1]. For every
positive integer n, there are at most n rational numbers whose reduced fraction expressions
have n as the denominator. This is also the fact that allows one to establish a one-to-one
correspondence between Q and N, showing that Q is countable.

3.6 Properties of integrals

b
The integral [ f(x)dx is often called a definite integral because it has a definite value,

a
assuming that f is integrable. One calls f the integrand, a the lower limit and b the
upper limit. It is customary to use the convention

(3.6.0) / fla)de = — /b f(a)da.

The definite integral has many nice properties as f or [a, b] varies, making our life very
pleasant, which we want to discuss in this section.

Proposition 3.6.1 (Linearity in the integrand) If f, g are integrable over [a,b], so is
any linear combination af + Bg, with o, B € R, and moreover,

b b

[t + gz = a [ j@)+ 5 / g()da.

a a
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Proof. If P is any partition, it is immediate from the definition that
L(af + g, P) = aL(f,P)+ BL(g, P)
and
Ulaf + By, P) = aU(f, P) + BU(g, P).
It follows then that
I(of + Bg) = aL(f) + BL(g)
and
I(af +Bg) = oI(f) + BI(g).
Since f, g are integrable, I(f) = I(f) and I(g) = I(g). So the lower and upper integrals of

af + (g coincide, proving the assertion.
U

Proposition 3.6.2 (Additivity in the limits) Let a,b, c are real numbers with a < b < ¢,
and let f be integrable on [a,c]. Then f is integrable on [a, b] and [b, ¢|, and moreover,

/cf(l“)dx = /bf(x)dx —i—/cf(x)dx.

Proof. Given partitions P, P’ of [a, 1], [c, d] respectively, P U P defines a partition of
la,c]. And if P” is a partition of [a, c|, then we can refine it by adding b to get a partition of
the type P U P’, with P (resp. P’) being a partition of [a, ] (resp. [b,c]). It follows easily
that the lower (resp. upper) integral of f over [a,c] is the sum of the lower (resp. upper)

integrals of f over [a,b] and [b, ¢|]. The assertion follows.
U

If ¢ is any real number , the function  — x + ¢ is called translation by c¢. The following
Proposition describes the translation invariance of the definite integral.

Proposition 3.6.3 Suppose f is integrable on [a,b] and ¢ € R. Then the c-translate of
f, given by x — f(x + c), is integrable on [a — ¢,b— |, and

7 flz +c)dw = /b f(a)da.

For any ¢ € R, the function z — cz is called the homothety (or stretching) by c¢. Some
also use the terms expansion and contraction when ¢ > 1 and 0 < ¢ < 1. The following
Proposition describes the behavior under homothety.

Proposition 3.6.4 Suppose f integrable on [ac,bc]. Then the function x — f(cx) is

integrable on [a,b] and
be b
/f(x)dx = c/ f(cx)dx.
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3.7 The integral of 2™ revisited, and polynomials

In Proposition 3.4.1 we established the following identity for any m > 0 and any |[a, b]:

b

bm—l—l _ am—l—l
* xMdy = ——.
() / m+1
In view of the linearity property of the integral (see Proposition 3.6.1), we see that if we
have any polynomial

f(z) = co+az+...+cpa”,
then f is integrable over any [a, b]. Furthermore, we have the explicit formula
.1'2 Z'TH—I

(xx) f(z)dx = Cox+615+"'+cnn+1'

We will now give an alternate proof of (x) for 0 < a < b.

We first need a Lemma, which is of independent interest. We will call a function f(z)
even, resp. odd, iff f(—x) = f(z), resp. f(—x) = —f(x), for all z. Note that 27 is even if
7 is even and it is odd if j is odd. Also, cosz is even while sinx is odd.

Lemma 3.7.1 Let f(z) be an integrable function of [—a,al, for some a > 0. Then

f even :>/f(3:)dx = Q/f(x)dx
—a 0

f odd :>/f(3:)dx:

Proof. By Proposition 3.6.4 (and convention (3.6.0)),

/ f(x)dz = /f
—1)r/af(x)dx

with r being 1, resp. —1, when f is even, resp. odd. The lemma now follows by Proposition

3.6.2, which implies that
a 0 a
/f(a:)da: = /f(x)dx—l—/ f(x)dx
—a —a 0
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Now let us begin the alternate proof of (x). Put

1

1, = /xmdx.

0
The key is to show that

1
3.7.2 I, = ——.
( ) m+1
Indeed, we can use Proposition 3.6.4 to deduce that

1

b
(3.7.3) /xmdx = b/(bx)mdx = ",
0 0

and combining this with Proposition 3.6.2, we get

b

b
(3.7.4) / a"dr = / a"dx — / a"dr = (0" — "),
0

0

a

a

as desired. So let us now prove (3.7.2).
By the translation invariance (Proposition 3.6.3) of definite integrals, we get

b 2b
(3.7.5) / (z +b)"dx = / 2dy = 2",
—b 0

By the binomial theorem,

i = 5 (7)o

J=0

and so by (3.7.5),

(3.7.6) mtlpmHlr =

NE

J=0

b
(m) pmi / 2 dz.
J
b
b

b
By Lemma 3.7.1, [ a/dx equals 0 if j is odd, and twice [2/dz = 2671 1; (by 3.7.3) when j

b 0
is even.
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Since (x) is true for m = 0, we can take m > 0 and assume, by induction, that () holds
for all 7 < m. Then we get from the above, the following:

m m—1
m m 1

7=0, 7 even 7=0, 7 even

where €, is 1 if m is even and 0 if m is odd. On the other hand,

m 1 B m)! L m+1 1
i)i+1l  G+D)m—y)! \j+1)m+1
so that
m—1 m
m 1 1 m—l—l)
3.7.8 = = .
( ) j(;ven (j)‘7+1 m—i_lk(%dd( &

Next we note that for any integer r > 1,

> ()= s0-cur -2

k=0, kodd
Consequently,
= 1
(3.7.9) 3 (m;—; ) —om
k=0, kodd

Combining (3.7.7.), (3.7.8) and (3.7.9), we get

2m 1
2"l = €mlpm + —— — €p———.
m—+1 m+1
When m is odd, €,, = 0 and hence
2m
2", = .
m+1
When m is even, €¢,, = 1 and we get
2m 1
2", = L, + — .
m+1 m+1
In either case,
1
I, = ——
m+1

as asserted.
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4 Continuous functions, Integrability

The most important bounded functions on a closed interval [a, b] are continuous functions.
Intuitively, a continuous function is one whose graph one can draw without taking the pen
(or whatever else one uses) off the paper. Polynomials and sinz and cos z are the functions
which immediately spring to mind. There are ways to produce lots of others from simple
ones by taking scalar multiples, sums, products, quotients and composites. In practice, even
when a function is not continuous, one often wants to approximate it by a continuous one.

It is natural to ask if continuous functions are integrable over [a, b] and amazingly, the
answer is yes. This will be established in this chapter.

One can also ask about the integrability of bounded functions f on [a,b] which are
continuous out side a set .S which is small in some suitable sense. The simplest case is when
S is a finite set of points, and in this case f will be integrable. The right general answer is
that the set S of discontinuities of f, i.e, he set of points in [a, b] where f is not continuous
must be negligible in a suitable sense, i.e, have measure zero. This will be discussed at the
end of the chapter. If this concept becomes forbidding for some reason, one should try to at
least learn that all is well when S is finite.

4.1 Limits and Continuity
We looked at limits of sequences in the Chapter 2. Now we need to go further and consider
limits of values of a function.

Let A be a subset of R. Consider any function
f:A—=R

At every z in A, f(z) will denote the value of f at x.

Let a be a real number such that f is defined on an open interval around a, except
possibly at a itself. Let L € R. We will say that f(x) has limit L as = approaches a,
denoted symbolically by

(4.1.1) lim f(x) = L,

r—a

iff the following holds:
For every open interval I centered at L, we can find an open interval I' centered at a
such that

(i) I' —{a} C A, and
(i) vel' —{a} = f(x)el.

In simple words, we try to approach a from within A, from either direction, and see if
f(z) tends to L. In particular, if {1, 2,...,} is any sequence in A with limit a, then the
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sequence {f(z1), f(x2),...} converges with limit L. So to prove that some f(x) does not
have a limit as x approaches a, it suffices to exhibit a sequence x,, converging to a and show
that f(x,) does not have a limit as n goes to occ.
Note that to have lim f(z) = L, it is necessary and sufficient to be able, for every ¢ > 0,
r—a
to find some ¢ > 0 such that

|z —a|<d = |f(z)—L| <e.

Proposition 4.1.2 Let a € R, and let f, g functions defined on an open interval around a,
though not necessarily at a itself. Suppose f(x) and g(x) have limits, say L, L' respectively,
as x approaches a. Then we have, for all o, € R,

lim (af + Bg)(x) = aL + 8L,

r—a

lim (fg)(z) = LL',

r—a

and moreover, if g is non-zero in an open interval around a with L' # 0,

. f L
lim L(z) = =.
lim p (z) -

The proof is straight-forward and will be left as an exercise. However, the result is very
important, and we will use it often.
Example: Let us try to evaluate the following limit:

1=
I — lim \/1-1-.1' \/ x
x—0 x

Since the numerator and the denominator both approach 0 as x goes to 0, we cannot directly
apply the Proposition above to express L as the ratio of the limits. How can one resolve
this 0/0 problem? The answer is actually simple. One multiplies the numerator and the
denominator by v/1+ z + +/1 — z, and gets

: (14+2)—(1—2x) . 2
L = lim = lim )
=0 p(V1+z+V1—2) =0 /1+z+V1—x

Evidently, since the numerator is 1 and the denominator has the value 2 at x = 0, we see by
the Proposition above that L is 1.

The set A where a function f is defined is called the domain of f. When a lies in A, f
has a value at a and so one can ask for more, and this leads to the notion of continuity.
The function f is said to be continuous at a point a in A iff we have

lim f(z) = f(a)

r—a
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In other words, for f to be continuous at a, we need two things, namely (1) that f(z)
has a limit as o approaches a, and (2) that this limit is none other than f(a).

f is said to be a continuous function on A iff it is continuous at every point a in A.

Simple examples of continuous functions are the constant function f(x) = c¢ (for some
¢ € R), the linear function f(x) = maz + ¢, and the sine and cosine functions.

Another important example is the power function f(x) = 2™, for any non-negative
integer n. Let us now verify that it is indeed continuous at any point a in R. We may assume
that n > 0 as 2° = 1 is a constant function, hence continuous. We need to check, for any
fixed n > 0, that given any € > 0 one can find a 0 > 0 such that

—<r—a<d = —e<z"—a"<e.
Now —6 < x — a < 0 implies that
(a—0)"—a" <a"—a" < (a+ )" —a".

So we have to arrange that
and

In other words, we need
and

We can achieve this by taking
6 = min{(a" + )" —a,a — (a" —¢)"/"},

which is easily seen to be positive. Thus f(z) = 2™ is a continuous function for any integer
n > 0. If n is a negative integer, then f(x) = 2™ is defined and continuous outside x = 0.

Let us next consider the square root function f(z) = /x, which is continuous at any
a in its domain, i.e., for any a > 0. Let us verify it now. Pick any € > 0. We have to find a
suitable ¢ > 0 such that

(%) a—d<z<a+d = Va—ec<+r<a+e.

When we write a — § < x, we have to remember the constraint that x > 0 for its square-root
to make sense. When a = 0, we can achieve (x) by taking § = 2. So assume a > 0, and
choose ¢ to be smaller than a. Then

a—d<r<a+d = Va—05§<+Vr<va+i,
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so we need

Va+d < Va+e
and

Va—9§ > Va—e.

This is satisfied by taking
§ = min{(va+¢)*—a,a— (Va—e)?}.

Done.
More generally, by a similar argument one can prove the following

t

Proposition 4.1.3 For any t € R, the power function f(x) = z' is continuous in its

domain.

To cook up more continuous functions from the known ones we need another structural
result:

Proposition 4.1.4 Let f, g be continuous functions on a subset A of R. Then any constant
multiple cf of f, given by x — cf(x), the sum function f + g, given by x — f(x) + g(x),
and the product function fg, given by x +— f(x)g(x), are all continuous on A. Furthermore,
if g is non-zero on A, then the ratio f/g, given by x — f(x)/g(x), is also continuous.

In particular, any polynomial function
f(x) = ao +a1v + agx® + ... + a,a”

or a function of the form

fl) = VI—z Va3 —242

is continuous. So is a rational function f(z)/g(x), with f, g polynomials and g # 0 on
A. One knows that cosx is zero only at the odd integral multiples of w/2. Hence the
tangent function, defined by tanz = 22 is continuous on any subset A of R avoiding

{2k + /2| k € Z}.

Suppose we have two functions g : B — R and f: A — R. If A contains the image g(B)
of g, then we can define the composite function

(4.1.5) h=fog:B —R

by
h(z) = f(g(x)), Vaze€B.

Proposition 4.1.6 If f,g are continuous, then so is their composite h = f o g, defined as
above.

This allows us to construct a lot of continuous functions, for example, rational functions
of trigonometric functions (when defined).
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4.2 Some theorems on continuous functions

Intermediate Value Theorem Let f be a continuous function on a closed interval [a, b].
Then for every t between f(a) and f(b) we can find a ¢ in |a,b] such that f(c) =t.

Before proving this result, let us use it to show that there is some real number x such
that
sinz = x — 1.

Let us put f(z) =2 — 1 —sinz. We have to find x such that f(z) = 0. Note that
FO)=0-1-0=—1<0,

while
f(m) =m—1—sinm =7—1 > 0,

because sinT = 0 and 7 > 1. Since f(z) is continuous on [0, 7], in fact on all of R, we may
apply the intermediate value theorem to conclude the existence of some c in [0, 7| such that
f(¢) = 0. Done.

Proof. Thereisnothing to proveiftis f(a)or f(b). So we may assume that f(a) # f(b).
Suppose f(a) < t < f(b). Put g(x) = f(z) —t. Then g(a) = f(a) — t is negative and
g(b) = f(b) —t is positive. Put

(4.2.1) X ={u€lab]|glz) <0 if a<z<u}.

Since a lies in X, this set is non-empty, and moreover, b is an upper bound for X as g(b) > 0.
Put
¢ = sup(X),

which exists by the properties of R.

We claim that g(c¢) = 0. If g(c¢) > 0, then g(x) will be positive in an open interval
centered at ¢, so that g(c — ) > 0 for some § > 0. Since c is the least upper bound, any
number in (a,c), in particular ¢ — 2 will be in X. This gives a contradiction, as g(c — 4)
is positive, violating the definition of X. Hence g(c) is cannot be positive. Suppose g(c)
is negative. Then we can find a 6 > 0 such that g(z) remains negative in (¢ — d,c + ),
contradicting the fact that ¢ is an upper bound. So the only possibility is for g(c) to be 0.
Then f(c) = g(c) +t will be ¢, as desired.

We have to still analyze the case when f(a) >t > f(b). Here we apply what we have
just proved to —f to conclude what we want.

U

Here is a nice consequence of this result.

Corollary 4.2.2  FEvery polynomial f(x) with real coefficients and of odd degree has a
root in R.

Proof. Let n be the (odd) degree of f. Write

f(x) = ap + a1x + axx® + ... aza™,

o7



with a,, # 0. Put

The coefficients b; = — are still real and so it sufﬁces to prove that g(x) has a real root.

Intuitively, the argument is clear as the ™ term should dominate all the others when |z|
is large, and so g(x) should be positive for large positive x and negative for large negative
x. This is what we will now prove rigorously.

Write ) ) )
_n n—1 1 _0
g(x) = x ( . ...—i—xn_l—i—xn).

By applying the triangle inequality repeatedly, we get

by — b by b
Ly 1+ 8% < LY IR )
x xm x xm
Now choose x so that
(4.2.3) |z| > max{1,2n|b,—;||1 < j <n}.
Then | "|j| is bounded above by i, and
bn_1 bo 1
x + an| T 2
So we get
g(x) = a"(1+ h(z))
with

1 1
—— < h < —
3 S hl@) =3
if (4.2.3) holds. Now if z is positive (resp.negative) and satisfies (4.2.3), then g(z) will be
positive (resp. negative), and we are done by the intermediate value theorem.

O

Theorem 4.2.4 Let f: A — R be a continuous function. Then f takes any closed interval
la, b] contained in A to a compact set in R. In particular, f([a,b]) is bounded. Moreover, it
attains its extremal values on [a,b], i.e., there exist ¢,d in |a,b] such that

(4.2.5) f(z) > fl(c)Vx € [a,b] and f(z) < f(d)Vx € [a,].

f(c) is called the minimum of f on [a,b], and f(d) the maximum. The fact that
a continuous function attains its extrema on any closed interval is a very important and
oft-used fact.

One can generalize further and prove that the image of any compact set C' under a
continuous function f is compact.
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When we combine Theorem 4.2.4 with the intermediate value theorem, we get the fol-
lowing useful

Corollary 4.2.6 Let f be a continuous, monotone increasing function on [a,b]. Put
(4.2.7) M = sup{f(t)|t € [a,b]} and m = inf{f(t)|t € [a,b]}.

Then for every t in [m, M| there exists ¢ € [a,b] such that f(c) =1t.
Proof of Theorem 4.2.4. Put

B = {z € a.b]| f(la,x]) bounded}.

It is bounded, as it is a subset of [a, b], and non-empty because a is in B. So by the properties
of R, there is a least upper bound t of B.

Suppose t < b. Then the continuity of f at ¢ implies in particular that for every ¢ > 0,
there is some § > 0 such that

r<t+d = f(x) e (f(t)—e, f(t)+e).

This implies that f is bounded in [a,t + /2], contradicting the fact that ¢ is the least upper
bound of B. Hence t cannot be less than b, and we must have t = b. So f is bounded on
la, b].

Suppose z is a boundary point of f([a, b]). Then we can find a sequence z1, 29, . . . of points
lying in f([a,b]) converging to z. For each n > 1 write 2z, = f(y,) with y, € [a,b]. The
sequence {y,} is bounded (as it lies in [a, b]) and hence contains a subsequence {y,,, }which
converges, say to y € R. Such a y must lie in the closure of [a,b], i.e., in [a, ] itself. Then
f(y) will, by the continuity of f, be the limit of {z,, }, which is a subsequence of {z,}. But
the sequence {z,} is convergent, and so must have the same limit as the subsequence {z,,, }.
This forces z to be f(y), and thus z lies in f([a, b]).

Thus f([a,b]) is closed and bounded, i.e., compact.

Now define M, m as in (4.2.7), which makes sense because f([a,b]) is bounded. But the
supremum M must be a boundary point, for otherwise we can choose a smaller upper bound,
contradicting the fact that M is the least upper bound. Since f([a,b]) is closed, M must
belong to f([a,b]). Similarly, the infemum m also belongs to f([a, b]). Hence there are points
¢,d in [a,b] such that m = f(c) and M = f(d). Now (4.2.5) is evident.

U

4.3 Integrability of continuous functions

The main result of this section is the following
Theorem 4.3.1 Ewvery continuous function f on a closed interval [a,b] is integrable.

The proof rests on a basic property of continuous functions on closed intervals, which we
will now expose.
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To begin, let us define the span of f on any closed interval [c, d] to be
span([c, d]) = max f([c, d]) — min f([c, d])).

The Small Span Theorem For every € > 0, there exists a partition P : a = tg < t; <
... <t, =0 of [a,b] such that spany([t;_1,t;]) <e, for each j =1,2,...,n.

Proof. We will prove this by contradiction. Suppose the theorem is false. Then
there exists some € > 0, call it g to indicate that it is fixed, such that for every partition
P:a=ty<ti<...<t, =0 span,([t;_1,t;]) > eo for some j. Subdivide [a,b] into two
closed intervals [a, c], [¢, b] with ¢ being the midpoint (a + b)/2. Then the theorem must be
false for one of these subintervals, call it J;, for the same ¢y. Do this again and again, and
we finally end up with an infinite sequence of nested closed intervals

[a,b] =Ry DR DRyD...,

such that, for every m > 0, the span of f is at least ¢y for any partition P,, = {J; .}
of R,, on some Jj,,. Let z,, denote the left endpoint of R,,, for each m > 0. Then the
sequence {Z, }m>o is bounded, and so we may find the least upper bound (sup) 7, say, of
Zm. Then v will be a boundary point of [a,b], and hence must lie in it, as [a, b] is closed.
Since f is continuous at v, we can find a closed subinterval I of [a, b] containing « such that
span ((S) < eo. But by construction R,, will have to lie inside I if m is large enough, say for
m > M. This gives a contradiction to the span of f being > ¢y on some open set of every
partition of Ry;. Thus the small span theorem holds for (f, [a,b]).

O

Proof of Theorem 4.3.2. Recall that it suffices to show that, given any ¢ > 0, there is
a partition P of [a,b] such that U(f, P) — L(f, P) < e. Put e; = ¢/(b — a). Applying the
small span theorem, we can find a partition P = {J;} such that span;(J;) < ey, for all j.
Then clearly,

U(f,P)—L(f,P) <€1(b_a> =¢&.

Done.

4.4 Trigonometric functions

We will assume, as we have all along, that the students taking this class are familiar with
basic trigonometric functions, like the sinx, cosx, then tanz, which is defined to be 2%
whenever cos z is non-zero, as well as the functions

1 1 1 cos T

cscxr = ——, secx = , and cotx = = —.
sinx cos T tanx sin

We will accept the following from Basic Trigonometry without proof:
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Theorem 4.4.1
(a) sinx and cosz are periodic functions with period 27, i.e.,
sin(x +27) = sinz and cos(x +27) = cosz,

with
) 2
sin“x + cos“x = 1.

(b) sinz is an odd function, while cosx is an even function, i.e.,
sin(—x) = —sinz and cos(—z) = cosz.

(c) sinz and cosx are both non-negative, monotone functions in [0,7/2], with sinz in-
creasing (from 0 to 1) and cosx decreasing (from 1 to 0) as x moves from 0 to w/2.

(d) (Addition theorems)
sin(x +y) = sinzcosy £ coszsiny

and
cos(x £ y) = cosxcosy — Lsinzsiny.
(e) For every x in the open interval (0,7/4),

sin x
cosr < — < 1.
T

As a consequence of (e), we can compute some important limits. For example, we obtain

Proposition 4.4.2

) . sinz
(2> il_r)% T - 17
1 —
(i4) lim —— 2%
x—0 x

Proof.  For all small x, Sl% is caught, by part (e) of Theorem 4.4.1, between the
constant value 1 and cosz. But cosx becomes 1 as x approaches 0. This gives (i).
To get (ii), multiply the numerator (1 — cosx) and the denominator x by 1+ cosz and
note that
(1 —cosx)(1+cosz) = 1—cos’xr = sin’x.

So we get, by applying Proposition 4.1.2,

- . .
lim — T (lim Smx) (lim &) —1.0=0,

z—0 T z—0 z—0 1 4+ coszx
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Here we have used (i) as well as the facts that sin0 =0 and 1+ cos0 = 2.
O

The following result is basic.

Theorem 4.4.3 Let [a,b] be any closed interval. Then the functions sinx and cosz are
integrable on [a,b]. Explicitly,

b
/sinxdw = cosa — cosb

a

and
b

/cosxdx = sinb — sina.

a

Proof. By periodicity (part (a) of Theorem 4.4.1) and additivity of the integral
(Proposition 3.x), we may assume that 0 < a < b < 27w. Moreover, for 0 < z < 7, the
oddness of sinx implies

(4.4.4) sin(m +z) = sin(—7 + ) = —sin(7 — ),
while the evenness of cos x implies
cos(m +x) = cos(—m +x) = cos(m — x).

Moreover, the trigonometric definition of sinx and cosx gives immediately the following
identities:

(4.4.5) sin(m —z) = sinz
and
cos(m —x) = —cosz.

Thanks to (4.4.4) and (4.4.5) it suffices to prove the assertion of the Theorem when
0 <a < b<m/2. Furthermore, since

/bf(x)dx = /bf(x)dx—/af(x)dx

a

for any function f(z), it suffices to prove that for any a in (0, 7/2], the functions sinz and
cos x are integrable on [0, a] and that

a a

(4.4.6) /sinxdw = 1—cosa and /cosxda: = sina.

0 0
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We will prove the formula for the integral of sinx over [0, a] and leave the proof of the
corresponding one for cosz to the reader.

For every n > 1, define a partition P, of [0, a] to be given by

2
(4.4.7) O=ty < ti=— <th=— < ... <t,=a,
n n

so that tj 11 —t; =& forall j <n —1.
Since sinz is a monotone increasing function in [0, 7/2], the upper and lower sums are
given by

n—1 .
1
(4.4.8) Using, P) = &5 sin(V D%
n n
Jj=0
and .
. a . Ja
L P, = — —).
(sinz, P,) 2 sin( n)

[en]

J
By the addition theorem for cosz (part (d) of Theorem 4.4.1), we have

(4.4.9) 2sinzsiny = cos(z —y) — cos(x + y).
In particular, when y = 5~ and = = @, we get

)+ 1 27+1 27 +3
(4.4.10) QSin(%)sin(W) - 008(%) —008(%).

Applying this in conjunction with (4.4.8), we get

Using, Pr) = 220 ((cos() — con(2)) 4 ...+ (con( 221N _ cog B2LL)))
sin(5-) 2n 2n

which simplifies to

(4.4.11) U(sinz, P,) = m (COS(%) - COS(M)) .

By Proposition 4.4.2,

(4.4.12) li 2 — .
n—00 o
Also, since cos0 =1,
(4.4.13) fim cos( ) — cos( 221 —
4. im cos(—) — cos = 1— cosa.



Combining (4.4.11) through (4.4.13), we get
(4.4.14) lim U(sinz, P,) = 1 — cosa.

n—oo

The analog of (4.4.11) for the n-th lower sum is

: a (2n —1)a
4.4.15 L P) = —2 (1) = cos(Z )
(4.4.15 e P) = g (1) - o B2
We get the same limit, namely
(4.4.16) lim L(sinz, P,) = 1 — cosa.

In view of (4.4.14), (4.4.15) and Lemma 3.2.8, the desired identity (4.4.6) follows for the sine
integral. The argument is entirely analogous for the cosine integral.
O

4.5 Functions with discontinuities

One is very often interested in being able to integrate bounded functions over [a,b] which
are continuous except on a subset which is very small, for example outside a finite set. To
be precise, we say that a subset Y of R is negligible, or that it has measure zero, iff for
every € > (0, we can find a countable number of closed intervals Ji, Jo, . .. such that

(4.5.1)

(i) Y C U2, J;, and

(i) Y, €) < <.
If we can do this with a finite number of closed intervals {.J;} (for each ¢), then we will

say that Y has content zero.

Examples:
(4.5.2)
(1) Any finite set of points in R has content zero. (Proof is obvious!)

(2) Any subset Y of R which contains a non-empty open interval (a, b) is not negligible.

Proof. It suffices to prove that (a,b) has non-zero measure for a < b in R. Suppose
(a,b) is covered by a finite union of a countable collection of closed intervals Jy, Ja, ... in R.
Then clearly,

S:= ) length(J;) > l(a,b) = b—a.
=1

So we can never make S less than b — a.

Theorem 4.5.3 Let f be a bounded function on [a,b] which is continuous except on a subset
Y of measure zero. Then f is integrable on |a,b].

Proof. Let M > 0 be such that |f(z)| < M, for all x € [a,b]. Since Y has content
zero, we can find closed subintervals Ji, Jo, ... of [a, b] such that
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(i) Y CuU™,J;, and
(i) 222, 600 < g7

Extend {.Ji,...,Jn} to a partition P = {Jy,...,J,}, m < r, of [a,b]. Applying the small
span theorem, we may suppose that Jp,41...,J, are so chosen that (for each ¢ > m + 1)
span ;(J;) < 2@([(1 w0y (We can apply this theorem because f is continuous outside the union
of Ji,...,Jm.) So we have

U(f,P)— L(f,P) < zMZe Z span ;(J;)¢(J;),

which is

< (2M>(2j\4) e([z 0 - Z () < 5+5=2

because > ((J;)) <b—a.

i=m-+1

O
Remark 4.5.4 We can use this theorem to define the integral of a continuous function
f on any compact set B in R if the boundary of B is negligible. Indeed, in such a
case, we may enclose B in a closed interval [a, b] and define a function f on [a, b] by making
it equal f on B and 0 on [a,b] — B. Then f will be continuous on all of [a, b] except on the

boundary of B, which has content zero. So f is integrable on la, b]. Since f is 0 outside B,
it is reasonable to set

(4.5.5) /Bf:/bf.

65



5 Improper Integrals, Areas, Polar Coordinates, Vol-
umes

We have now attained a good level of understanding of integration of nice functions f over
closed intervals [a, b]. In practice one often wants to extend the domain of integration and
consider unbounded intervals such as [a,00) and (—o0, b]. The simplest non-trivial examples
are the infinite trumpets defined by the areas under the graphs of z* for ¢ > 0, i.e., the

improper integrals
1
T
1

We will see below that A; has a well defined meaning if ¢ > 1, but becomes unbounded for
t<1.

One is also interested in integrals of functions f over finite intervals with f being un-
bounded. The natural examples are given (for ¢ > 0) by

1
1
T
0

Here it turns out that B; is well defined, i.e., has a finite value, if and only if ¢ < 1. In
particular, neither A; nor B; makes sense. Moreover,

[
At+Bt :\/;dﬂf
0

is unbounded for every ¢t > 0.

After we learn the fundamental theorems of Calculus, we will visit the land of improper
integrals again with new tools.

5.1 Improper Integrals

Let f be a function defined on the interior of a possibly infinite interval J such that either its
upper endpoint — call it b, is oo or f becomes unbounded as one approaches b. But suppose
that the lower endpoint — call it a, is finite and that f(a) is defined. In the former case the
interval is unbounded, while in the latter case the interval is bounded, but the function is
unbounded. We will say that the integral of f over J exists iff the following two conditions
hold:

(5.1.1)

(i) For every u € (a,b), f is integrable on [a,u|; and
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(ii) the limit

ulé%<b / f(z)dz

exists.

When this limit exists, we will call it the integral of f over J and write it symbolically

/b f(x)dx.

Similarly, if a is either —oo or is a finite point where f becomes unbounded, but with b
a finite point where f is defined, one sets

b

(5.1.2) /f(a:)dx = lim f(z)dz

u—a,u>a
u

when the limit on the right makes sense.

Lemma 5.1.3 We have
[ s = [ s@yan+ [ f@rir vee @

and
/f(x)dx: / f(a:)dx—i—/f(x)dx Ve e (—oo,b),

when the integrals make sense.

Proof. We will prove the first additivity formula and leave the other as an exercise
for the reader. Pick any ¢ € (a,00). or all real numbers u > ¢, we have by the usual

additivity formula,
[ saida = [ s+ [ sy

7f(3:)d3: = lim /Cf(a:)dx—l—/uf(x)dx ,

Thus

U—0o0

which equals

/ f(x)de + lim | f(x)dx = /c f(x)dx—i—]of(x)dx.

U—0o0
a c
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O

If J is an interval with both of its endpoints being problematic, we will choose a point ¢
in (a,b) and put

(5.1.4) /bf(at)dx = /Cf(x)dx—l—/bf(x)dx

if both the improper integrals on the right make sense. One can check using Lemma 5.1.3
above that this definition is independent of the choice of c.

When an improper integral does not make sense, we will call it divergent. Otherwise it
is convergent.

Proposition 5.1.4 Let t be a positive real number. Then fort > 1,

(4) /—m— —

with the improper integral on the left being divergent fort < 1.
On the other hand, if t € (0,1),

(B) /—m-—?

with the improper integral on the left being divergent fort > 1.
Proof. We learnt in chapter 3 that for all a,b € R with a < b, and for all ¢ # 1:

b
1 “t_qgl—t
/3:_ 1=t

i o d li ! + L L
11m —aQr = 11m —
u—oo f;  at u—00 (1 — t)ut_l t—1 t—1’

Hence for t > 1,

because the term ut%l goes to zero as u goes to co. If t < 1, this term goes to co as u goes
to 0o, and so the integral is divergent. Finally let ¢ = 1. Then we cannot use the above
formula. But for each N > 1, we have the inequality

fi.]

n=1
68
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The reason is that the sum on the left is a lower Riemann sum for the function f(z) = 1
over the interval [1, N| relative to the partition P : 1 < 2 < ... < N. So, if the improper
integral of this function exists over [1,00), the infinite series

00 N

1 ' 1
Z — = lim —
n=1 n N=oo n=1 n
must converge. But we have seen in chapter 2 that this series diverges. So the integral is
divergent for ¢ = 1, and (A) is proved in all cases.

The proof of (B) is very similar and will be left as an exercise.

5.2 Areas

Given any region R in the plane, one is often interested in assigning, if possible, an area.
Whenever the area makes sense, R will be called a measurable region. If the region is
bounded, one can proceed in the following intuitive way. For each n > 1, enclose R in a
rectangular grid made up of squares of side 1/n. Add up the areas of all the squares in the
grid which meet R, and denote this (upper) sum by U,(R). Then add up the areas of all
the squares which are contained in R, and call this (lower) sum L, (R). Then let n become
very large and see if the two sums converge to the same limit. In the event they do, we will
say that R is measurable and call the common limit the area of R, denoted by A(R). Of
course this procedure should be reminiscent of the way we evaluated the integral of a nice
function f on a closed interval [a, b]. Indeed, the definite integral was defined in such a way
that when it exists and when f is non-negative on |[a, b, its value will equal the area under
the graph of f over [a,b]. To be precise we should say that the value is the area of the region
caught between the graph of f over [a,b], the z-axis and the two vertical lines 2 = a and
x =Db.

Now that we have defined improper integrals, we can also consider areas of infinite
plane regions and define them by a limiting process. But we should note that to get a
finite answer, the region will need to get narrower and narrower as the x-coordinate gets near
oo or —oo. Similarly, we can consider regions of bounded width, but unbounded vertically;
for the area to exist here, the region will need to get very narrow as the y-coordinate gets
near oo or —oo.

Here are some basic properties of the area function of measurable sets in the plane:
(5.2.1)

(i) A(R) > 0.
(i) A(RUR) = A(R)+ A(R') — A(RNR').

(ii) A(R) does not change if R gets translated or rotated in the plane.
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Proposition 5.2.2 Let J be an interval, possibly of infinite length. Let f,qg be functions
which are defined on the interior of J and are integrable on J. Denote by R the region
between the graph of f, graph of g, and the vertical lines at the end points of J unless J is
of infinite length, in which case one takes the vertical lines only at the finite endpoint if any.
Then R 1s measurable and

AR = [ If - gl

where |f — g| denote the function x — |f(x) — g(z)].

For example let us calculate A(R) when J = [0,7/2], f(z) = cosz and g = sinz. Then
f — g is non-negative in [0, 7/4] and non-positive in [r/4,7/2]. So we get, by the additivity
of the integral,

w/4 /2
A(R) = /(cosx—sinx)dx—i—/(sinx—cosx)dx.
0 w/4

Recall that for all a,b with a < b,

b
/sinxdw = cosa — cosb

a

and
b

/cosxdx = sinb — sina.

a

So by the linearity of the integral,
A(R) = {(sinm/4 —sin0) — (cos0 — cosw/4)} + {(cos /4 — cos/2) — (sin7/2 — sin7/4)}.

One knows that sin0 = cos7/2 = 0, cos0 = sinn/2 = 1, and sin7/4 = cos7/4 = 1//2 =
\/5/2. Hence

A(R) = §—0—1+§+§—0—1+\§:2(\/§—1).

Sometimes one speaks of the area of the region R between the graphs of two functions
without specifying the base interval. In that case R is taken to be the bounded region, if
any, caught between the graphs. If the graphs do not meet or if they meet just once, then
there is no bounded region.

For example, consider the functions

f(z) = 2* and g(x) = 2° — 2.

To find the bounded region R caught between the graphs, one has to first solve for the points

(if any) where the graphs meet. This is the same as finding the points z where 22 = 13 — z,
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ie., x =0or 22 — 2 —1 = 0. There are three real solutions, namely = = 0, 1”;—\/5 and 1_2‘/5.

Note that 23 — 2 > 2% on [1_2‘/5,0], and 23 — z < 22 on [0, 1+2—‘/5] (Sketch the graphs and
see!) So we get

/ (1+V5)/2
A(R) = / (2% — 2 — 2%)dx — /o (2* — v — 2%)dx.
V5)

Since [ a"dx is, for n # —1, (0"t —a")/(n + 1),

a

ARy — VB VB (0 VE VR (VR (L4 VA

64 8 24 64 8 24

This simplifies to give

5.3 Polar coordinates

So far we have confined ourselves to rectilinear coordinates on the plane, which are often
called Cartesian coordinates to honor René Descartes who introduced them. Simply put,
we identify each point P on the plane by the pair (z,y), where x (resp. y) is the distance
between the origin O and the point where the z-axis (resp. y-axis) meets the perpendicular
to it from P. Instead one can look at the pair (r,#), where r is the distance from P to the
origin, measured on the line L connecting O to P, and the angle between the x-axis and L,
measured in the counterclockwise direction. By definition » > 0, and we will take 6 to lie in
[0,27). In particular, the angle is taken to be zero, and not 27 or 47 or —27, for any point
lying on the z-axis. It should also be noted that as defined, the angle does not make much
sense for the origin; we take (r,0) to be (0,0) for it.
The quantities r, # are called the polar coordinates of P. It is easy to see that

(5.3.1) x =rcosf and y = rsinb.

In the reverse direction, one can almost recover (r,6) from (z,y) by the easily verified for-
mulae

(5.3.2) r=+ya?+y? and tanf = Y

T

We said almost, because we do not know at the moment to what extent tan # determines 6.
We will come back to this question after studying inverse functions.

Sometimes the equation defining a curve, or a region, in the plane becomes simpler when
we use polar coordinates, and this is the reason for studying them. For example, the circle
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centered at O defined by the equation 2% 4+ y? = a? can be easily described as the graph of
r = a. The region inside the circle is simply r < a. The rule of thumb is that whenever
there is circular symmetry in a given situation, it is better to use polar coordinates.

Suppose S is an angular sector, i.e., the region bounded by § = a,0 = b and r = p,
with b — a € [0,27]. p is called the radius, and b — a the angle, of s. Using the definition
of 7 as the area of the region inside the unit circle, one can show

(5.3.3) A(S) = %(b—a)pZ.

We will accept this as a basic fact.

The main problem here will be to understand the radial sets, and to know when they
are measurable. Such a set is given as the region bounded by 6 = a,0 = b and r = f(6),
where f is a function of [a,b] and b — a € [0,27]. One can use Calculus to find the area of
R under a hypothesis on f.

Let us call a function f on [a,b] square-integrable iff f? is integrable on [a,b]. Note
that every continuous function on [a, b] is square-integrable.

Proposition 5.3.4 Let R be a radial set bounded by 0 = a,0 =b and r = f(0), where f is
a square-integrable function of [a,b] and b — a € [0,27]. Then

/ £(6)do.

a

A(R) =

N | —

Proof. Pick any partition
P:a=ty<ti<...<t,=0b.
For every integer j with 1 < j < n, write
(5.3.5) m; = inf f([t;—1,¢;]) and M; = sup f([tj-1,14]),

and denote by Sj, resp. S}, the angular sector of radius mj, resp. M;, between = t;_; and
0 =t;. Then

(5.3.6) SLPP) = 53 (T tmd = 3 A(S)

and

1 1 —

§U(f27P) =52 (T —tj )M} = Z A(S)).
It follows that

(5:3.7) SL(PP) < A(R) <



Since f? is integrable on [a, b] by hypothesis, the upper sums and lower sums (of f2) converge
to a common limit, which is the integral of f? over [a,b]. Now the assertion of the Proposition
follows by virtue of (5.3.7).
U
As an example, let us look at the region R bounded by the spiral of Archimedes:

(5.3.8) 0<6<2m r=0.

Since f(0) = 0 is square-integrable we may apply Proposition 5.3.4 and deduce that

2w

1 1(20) 4
A(R):§/02d0:§(7r) =
0

5.4 Volumes

Given a three-dimensional shape V', a basic question which arises is whether we could assign
a volume to it. When V is bounded one could give an intuitive definition, much like we
did for the area of a bounded surface. For every n > 1, enclose V in a three-dimensional
grid consisting of cubes whose sides are of length 1/n. Define the upper sum U, resp. the
lower sum L,, to be the sum of the volumes of all the cubes which meet V| resp. all the
cubes which are enclosed in V. As n increases, one gets a further refinement of the grid. We
will say that V' has a volume, or that V' is a measurable subset of three-space iff the
sequences {U,} and {L,} both converge and have a common limit, which will be denoted as
vol(V).

It is not hard to see that V is itself a cube, then its volume is a® if a is the length of any
edge of V. It can also be shown that if V' has constant thickness, then its volume is the
area of the cross-section times the thickness. In particular, the volume of any cylinder V' of
thickness h and circular cross-section of radius p, vol(V) is mp*h. Going one step further,
if V' is a cylindrical shell of thickness A and annular cross-section of outer radius p;
and inner radius p,, then vol(V) is 7(p? — p3)h. We will need to use these facts below.

The three-dimensional shapes which we can try to understand right now using just one-
variable Calculus are the ones obtained by revolving about either axis a plane region under
the graph of a (one-variable) function.

Proposition 5.4.1 Let f be a non-negative, square-integrable function on a closed interval
la, b], and let R be the region under the graph of f between x = a and x = b. Denote by V the
three-dimensional space obtained by revolving R about the x-axis. Then V is a measurable
subset of three-space and moreover,

vol(V) = 7r/ f(x)%dz.



Proof. Choose any partition
P:ra=ty<ti<...<t,=0b,

and for every integer j between 1 and n, let m;, M; be as in (5.3.5). We get two cylinders of
thickness t; — t;_1 and circular cross-sections of radii m;, M;. Clearly we have

WZ jlm < vol(V )gﬂi(tj
=1

The expression on the left (resp. right) is just the lower (resp. upper) sum L(wf?, P) (resp.
U(rf%, P)).

Since f? is by assumption integrable on [a, b], the least upper bound I( f?) of { L(7 f?, P)}
equals the greatest lower bound I (7 f2) of {U(x f2, P)}. On the other hand, the bounds above
imply that

I(nf?) < vol(V) < I(rf?).
The assertion now follows.
U

When we revolve such an R about the y-axis, it becomes even more interesting.

Proposition 5.4.2 Let f be a function on a closed interval [a,b] with a > 0, and let R be
the region caught between the graph of f, the x-axis and the vertical lines x = a and x = b.
Denote by W the three-dimensional space obtained by revolving R about the y-axis. If the
function x — xf(x) is integrable on [a,b], then W is a measurable subset of three-space and
moreover,

vol(W) = 2x

Se—_
)
=
&
Y
=

Proof. For any partition
P:ra=ty<ti<...<t,=0b,

and for every integer j between 1 and n, we get two cylindrical shells of thickness m;, M;
and annular cross-section of inner radius ¢;_; and outer radius ¢;. Then we get

Ty (2=t )m; < vol(W) < WZ (2 —2,)
=1

Since t3 —t7 | = (t; — t;_1)(t; +t;-1), we get
(5.4.3) T(A1(P) + As(P)) < vol(W) < w(A3(P) + Au(P)),

where
n

>t =t )tm,

J=1

Ay (P)
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As(P) = ) (t; — ty-1)t; M,

J=1

and
n

Aa(P) =)t —tj1)ta M;.

J=1

We now claim that for every € > 0, we can find a partition P such that for each i < 4,

b
]/xf(x)dx — Al < e.

This is clear for ¢ = 2,4, because for any P, Ay (resp. A4) is L(g, P) (resp. upper sum
U(g, P)), where g is the function x +— xf(z). But then if we make the partition very fine,
making each t; —t;_; very small, we can make A;(P) — A2(P) and A3(P) — A4(P) as small
as we want. The claim follows.

Consequently, for every € > 0, there exists P such that

(5.4.4) ]2/ xf(x)de — A1 (P) + Ay(P)| < 2¢

a

and
b

yz/ of(@)dr — Ay(P) + As(P)| < 2.

a

The assertion of the Proposition now follows by combining (5.4.3) and (5.4.4).
O
For a worked example, see problem (E) Assignment 5, for which a solution set has been
posted on the web.

5.5 The integral test for infinite series
When we discussed the question of convergence of infinite series in chapter 2, we gave various

tests one could use for this purpose, at least for series with non-negative coefficients. Here
is another test, which can at times be helpful.

Proposition 5.5.1 Consider an infinite series

00
S = E Qn,
n=1

I0)



whose coefficients satisfy

an = f(n),
for some non-negative, monotone decreasing function f on the infinite interval [1,00). Then
S converges iff the improper integral

I = ]Of(x)dx

converges.

Proof. For any integer N > 1, consider the partition
Pyv:1<2<...<N

of the closed interval [0, N]. Then, since f is monotone decreasing, the upper and lower sums
are given by
U(f,Py) = a1+as+...+an-1

and
L(f,PN) =as+...+tan-1 t+an.

Suppose f is integrable over [1,00). Then it is integrable over [1, N] and

N
a1+as+...+tan_1 < /f(l')dl‘ < ay+...+an_1+ an.
1

As N goes to infinity, this gives
5 < / f(@)dz,
1

which implies that S is convergent.
To prove the converse we need to be a bit more wily. Suppose S converges. Note that f
is integrable over [1, co) iff the series

o0

T:Zlbn

converges, where
n+1

b, = / f(z)dz

But since f is monotone decreasing over each interval [n,n + 1], the area under the graph of
f is bounded above (resp. below) by the area under the constant function z — f(n) = a,
(resp. © — f(n+ 1) = ap41). Thus we have, for every n > 1,

An1 S bn S Q.
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Summing from n = 1 to oo and using the comparison test (see chapter 2), we get
S — aq S T S S.

Thus T" converges as well.

As a consequence we see that for any positive real number ¢, the series

o0

1
nt

St:

n=1
converges iff the improper integral

o0

I, = /x_tdx

1

converges. We have already seen that I; is convergent iff ¢ > 1. So the same holds for S;.
But recall that in the special case t = 1,we deduced the divergence of [; from that of S;.
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6 Differentiation, Properties, Tangents, Extrema

6.1 Derivatives

Let a be a real number and f a function defined on an interval around a. One says that f
is differentiable at a iff the following limit exists:
fla+h) = f(a)

n )

L:= lim
h—0

When the limit exists, we will set
f'(a) = L.
We will also denote it sometimes by & (a).

Consider, for example, the case of a linear function
f(z) = mx +c,

whose graph is the line of slope m, passing through the point (0,¢). Since f(x + h) =
m(z + h) + ¢ = f(z) + mh, we have at any point a in R,

fla+h) = f@)  mh

h R

which is independent of h. Hence it has the limit m as h approaches 0. Thus f is differentiable
at x = a with f’(a) being the slope m.

In particular, when m = 0, the function f is just the constant function x — ¢, and the
derivative is 0.

The next simple example to consider is the quadratic function
f(z) = ax® + Bz +7,
with a, 3,7 in R. Then

f(x+h]i—f(3f) _ (20433+5h)h+0‘h2 = 20+ B+ ah,

which has the limit 2ax + ( as h tends to 0. Thus

d
LA = 20x + (.
dz

This is L:eibnitz’s notation, and it means that for any a,

_ 4

f'(a) da:(a> = 20a + 3.
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In particular, the squaring function f(z) = z? is differentiable everywhere with deriva-
tive 2x. This is a superspecial case of the following important result on the power function

xt.

Proposition 6.1.1 For any real number t, consider the function

flz) = '
Then f is differentiable at any point a in R, with
f'(a) = ta".

We will prove this in four stages. The first step is the following:

Proof when t is a positive integer m. Let a,h € R. By the binomial theorem,

(m

“ o —1
(a+h)" = Z a" I h = a"™ +ma™ h+ mf)amﬁh2 +...h".
=0

In other words,
(a+h)™—a™
h

= ma™ ' + hg(a, h),

where

_ - m—jpi-2 _ m(m—1) . 5 mm—-1)(m—-2) ., m—2
g(a,h) Za h 5 a™c + 5 a™Ch4 ...+ R

=2
Then g(z,0) = m(mT_l)am_Q, and so hg(z, h) goes to 0 as h goes to 0. Consequently,

h)™ — g™
lim (a + ) “ - ma ,
h—0 h

as asserted.

Here is the next step.

Proof when t = 1/n with n a positive integer. For any a € R, note that
h=z2"—w" if z=(a+h)"" w=a'"

Thus
(a+ h)/m — qt/m Z—w

h 2n —qn’

But we have the factorization
2w = (2 —w) (2" T 4 2T A 2™ ),
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which can be verified by direct computation. Thus

. (a+Rm)—atr z—w , 1
lim = lim ———— = lim .
h—0 h h—0 2" — n h—0 21 4 2n=2qp 4+ .+ zw" 2 4 w1

1/n

Since the function x — z'/™ is continuous, the limit of z'w’ as h goes to 0 is simply w**/.

We then obtain

P ) S SN D S
h—0 h nw™t  n
which proves the assertion of Proposition 6.1.1 for ¢t = 1/n.
O

We will come back to this proposition in the next section after deriving the product rule.

Proposition 6.1.2 The functions f(z) = sinx and g(x) = cosx are differentiable at any
point a in R, and
f'(a) = cosa and g¢'(a) = —sina.

Proof. Recall the addition formula
sin(z 4+ y) = sinx cosy + cos x siny.

Therefore )
sin(a + h) —sina . cosh—1 sinh
= sina———— + cosa

h h h

We have already seen that

sin h cosh—1

li =1 lim —— = 0.
R A
Consequently,
sin(a + h) — sina
im = cosa,
h—0 h

as asserted.
Similarly, the addition formula for the cosine function, namely

cos(z +y) = coszcosy —sinzsiny,

implies
cos(a+ h) — cosa cosh—1 . sinh
= cosa———— —sina

h h h
The expression on the right has the limit —sina as h goes to 0. Done.

O

One can check that if f is differentiable at a, f must necessarily be continuous at a, but
it is not sufficient. Indeed, the function f(x) = |z| is continuous everywhere, but it is not
integrable at x = 0. This is because for h > 0,

f(h)—f(0) _h-0

= =1
h h ’
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while for h < 0,

So w is 1, resp. —1, as h approaches 0 from the right, resp. left. So there is no unique
limit and f is not differentiable at 0. Note, however, that f is differentiable everywhere else.

Let us end this section by looking at a couple of more examples. The first one below is
not differentiable at x = 0:

B xsin(%), if z#0
f(x)_{o, if =0

Indeed, for any h # 0,

h - h h

F(h) — f(0) _ hsin(}) -0 _ (;)

and sin (%) has no limit as h goes to 0; it fluctuates wildly between —1 and 1.
The second example is

2%sin (), if x#0
9(z) = . ) 7
0, if =0

In this case

L;g(o) — hsin (%) ,

which approaches 0 as h goes to 0. So g(z) is differentiable at z = 0 with

g (0) = 0.

6.2 Rules of differentiation, consequences

The two basic results here are the following:

Theorem 6.2.1 Let f, g be differentiable functions at some a € R. Then we have:

(i) (Linearity) For all o, in R, the function af + Bg is differentiable at a, with
(af +89)(a) = af'(a) + By (a).
(i) (Product rule) The product function fg is differentiable at a, with

(f9)(a) = f'(a)g(a)+ f(a)g'(a).
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(7ii) (Quotient rule) If g(x) is non-zero in an interval around a, then the ratio f/g is
differentiable at a, with

Theorem 6.2.2 (Chain rule) Let f be a differentiable function at some a in R, g a
differentiable function at f(a). Then the composite function go f is differentiable at a, with

(go f)(a) = ¢'(f(a))- f(a).

Before giving proofs of these assertions, which will be done in the next section, let us
note that as a consequence, rational functions, trigonometric functions, and various
combinations of them are differentiable wherever they are defined.For example, the function

2™ — 2123 + sin”(2* + 437) — cos?(2® — )
12sin /x — 292* — 4

flz) =

is differentiable at any x where the denominator is non-zero. A simpler, and more commonly
occurring example is
g(x) = tanz.

Since tan x = sinx/ cos z, we get by applying the quotient rule and Proposition 6.1.2,

(6.2.30) itanx _ (cosz)(cosx) — (sinz)(—sinx) _ o .
dx cos? x cos? x

Here we have used the fact that sin?z + cos?z = 1, and the formula is valid at any 2 where
cosx is non-zero, i.e., at any real number x not equal to an odd integer multiple of /2.
Similarly we have

d
(6.2.3b) %cotx = 2,
(6.2.3¢) 7y 5ecT = sec z tan x,
and

d
(6.2.3d) L= —zcotx,

for all  where the function is defined.

Now we will complete the proof of Proposition 6.1.1.
In the previous section we proved the formula for the functions f(z) = 2™ and g(z) = /"
for integers m,n with m > 0, n > 0. The next step is to look at the function

h(z) = ™™,
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for a rational number m/n, with m,n > 0. Then f is the composite of the functions f,g
above, which are differentiable at every point in their respective domains. Thus for any
a > 0, we have by the chain rule,

W(a@) = ¢'(f(a) - F'a) = (

which simplifies to

m m_ _ m m_
an ma—l—m 1 _ an 1’
n n
as desired. Now suppose
¢(x) = a=m",

for some positive integers m,n. Then ¢(x) is the reciprocal of the function h(z) = z™/"
which we just looked at. By applying the quotient rule, we see that h is differentiable at any
positive real number a and moreover,

as asserted.
The final step is to consider the function

for any real number t. But t is, by the construction of R, the limit of a sequence {t,} of
rational numbers, and for all z > 0 we have

(6.2.4) ' = lim z'.

n—oo

(This could be taken as the definition of z* for real t.) We then have, for all a > 0,

. (a+h)—a . (a+h)» —alr
629 oy (T gy

It can be shown that the order of taking the two limits can be reversed (see the later chapter
of infinite series of functions). Thus the right hand side of (6.2.5) becomes

... (a+h)n—a™ . d{z™}
=1
L R M @
which simplifies to
(6.2.6) lim t,a'"' = ta'™,

n—oo

which is what we wanted to show.
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6.3 Proofs of the rules

Now we will prove Proposition 6.2.1 and Theorem 6.2.2.
Proof of Proposition 6.2.1 By the linearity of limits (see Proposition 4.1.2) we have

(af + Bg)(a+h) — (af + Bg)(a) fla+h)— f(a) gla+h) —g(a)

0 h B T R
which is
of () + Bg'(a),

proving (i).
Next,

(et k)~ (f)a) _ . (flath) — fla)glat ) + fla)gla+ )  g(a)
h—0 h h—0 h '

which equals, by Proposition 4.1.2,

(fla+h) = fla))gla+h) fla)(g(a +h) = g(a))

. . o /
lim ! + lim ; = ['(a)gla) + f(a)g'(a),
yielding (ii).
Now on to the quotient rule. We have
Ha+h)—L(a) fla+h)— fa) fla)
. g g R T . . .
lim z = lim CESD @ lim g(a) — g(a+h)hg(a+h),

which equals

as asserted in (iii).

Before beginning the proof of the chain rule, we need the following

Lemma 6.3.1 Let f be a function defined in an interval around a real number a. Then the
following are equivalent:

(i) f is differentiable at a

(ii) There is a real number A\ such that

i 1 @) = fla) =AMz —a) _

r—a Tr—a
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When (it) holds, the number X is f'(a).
Proof of Lemma. Note that f is differentiable at a iff the limit

L @)= )

x—a T —a
exists, and when it exists, L is denoted by f’(a). On the other hand,
@) Sl Me—a) ) = f()

T—a r—a T—a Tr—a

—A=L-A\

So L exists iff L — X exists and equals zero for some A\, namely for A = L. It is now clear
that (i) and (ii) are equivalent, and that when (ii) is satisfied, A = f'(a).
U
Proof of Theorem 6.2.2. Let us put

b= fla), ¢ =gof,
Fz) = f(x) = f(a) = f(a)(x —a), G(y) = 9(y) —9(b) = g'(b)(y — b)

and
®(z) = h(z) — h(a) = ¢'(b) f'(a)(z — a).

Then we have, by Lemma 6.3.1 above,

F G

(6.3.2) tim 20— 2 i €W

T—a T — @ y—by —b
In view of Lemma 6.3.1, it suffices to show:

o
(6.3.3) lim ﬂ = 0.
T—a X —

But

O(x) = g(f(2)) —g(b) = g'(b) (f'(a)(z = a)),
and since f'(a)(z —a) = f(z) — f(a) — F(x), we get
O(x) = [g(f(2)) —g(b) = g'(O)(f(x) = f(a))] + g' (V) F(z) = G(f(x)) + g'(b)F ().

Thanks to (6.3.2), it then suffices to prove:

(6.3.4) lim S )

r—a T — @

= 0.

We know that lim GW)I
y—b |y —b

|G(f(z))| <elf(x)—0b|if |f(xz) —b] <. But since f is integrable at a, it is also continuous

is zero. So we can find, for every ¢ > 0, a 6 > 0 such that
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there (see section 6.1). Hence |f(z) — b| < 0 whenever |z — a| < 3, for any small enough
01 > 0. Hence

(f@)] < elf(x) =b| = e|F(z)+ f'(a)(z — a)]
< e()+elf'(a)(z —a)l,

by the triangle inequality. Since lim i(TZ) is zero, we get
G ! —
i U@ _ o @)
z—a |z — al z—a |z —al

Now (6.3.4) follows easily, and we are done.

6.4 Tangents

Recall from High school Geometry that the equation of any non-vertical line L in the
plane is given by

(6.4.1) Yy = mx+c,

where m is the slope of the line and (0, ¢) is a point on L. The equation of a vertical line is
given by x = ¢; for some constant ¢, and this will not concern us here because the graph of
any function f(x) will never be a vertical line (check it!).

To know a (non-vertical) line L as above, it is sufficient to know the slope m and any
point P = (z9,%0) on L. (P need not be (0,c¢).) Indeed, since the coordinates of P must
satisfy the equation of L, we have

(6.4.2) Yo = mxo+ ¢,
and combining (6.4.1) and (6.4.2) we get

Yy —yo = m(z — o),
or equivalently,
(6.4.3) y = mz+ (yo — mxo).
So we can recover (6.4.1) by setting

¢ = Yo — M.
Now let f be a function defined in an interval I around a point a. Suppose f is differen-

tiable at a. Then, as noted earlier, the slope of the line T, which is tangent to the graph C
of y = f(x), x € I, is given by

(6.4.4) m = f'(a).

Moreover, since the point (a, f(a) belongs to T,, the equation of T, is, thanks to (6.4.3),
given by

(6.4.5) y = [(a)z+(f(a) - f'(a)a).
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6.5 Extrema of differentiable functions

Recall that any continuous function f on a closed interval [a, b] attains its extrema, i.e.,
there exist ¢, d € [a, b] such that

(6.5.1) fle) < f(x) < f(d) Yz €la,bl.

One says that ¢ is a minimum and d a maximum of f on |a, b].
While this is a very beautiful result, we do not see how one can go about finding the
points ¢ and d where the extremal values occur.

Things become nicer when f is differentiable on (a, b), and even nicer when f is twice
differentiable on (a,b), i.e., when f is differentiable and also the derivative f’ is differ-
entiable on (a,b). Note that it does not make sense to require that f is differentiable at
either of the end points, because to have differentiability at a point, the function needs to
be defined in an open interval surrounding the point.

Definition 6.5.2 A function f defined on a set S containing a real number ¢ has a local
minimum, resp. local maximum, at ¢ iff we can find a 6 > 0 such that for all x €

(c=d,c+0)NS,
f(x) = f(e) (resp. f(z) < f(c).

Clearly, a local minimum need not be an absolute minimum of f on S, but it provides
a candidate to be tested for being the absolute minimum (if one exists, as for a continuous

f)-

Here is a basic result.

Proposition 6.5.3 Let f be a function differentiable at a real number c.
(i) If ¢ is a local minimum or a local mazimum, then f'(c) = 0.

(ii) Suppose f is twice differentiable at ¢ with f'(c¢) = 0 and f"(c)0 (resp. f"(c) < 0).
Then c is a local minimum (resp. local maximum) for f.

Proof. (i) Suppose c is a local minimum. Then by definition, we have for all small
enough A,

fla+h)—f(a) > 0.
Thus the right derivative of f at c satisfies

h—0, h>0 h

and the left derivative of f at c satisfies

I~ tm fla+h)— f(a)
h—0, h<0 h

87



Since by assumption f is differentiable at ¢, L™ and L~ both exist and equal f’(c). This
forces f'(c) to vanish as claimed. The argument is similar when ¢ is a local maximum. Hence

().
For the next part we need the following

Lemma 6.5.4 Let f be a differentiable function on an open interval I such that f'(x) is
>0 (resp. <0) for all x in I. Then f is a strictly increasing function, resp. strictly
decreasing function, on I.

Proof of Lemma. Assume f'(z) > 0 for all x € I. Pick any two points a,b € I with
a < b. We have to show that f(a) < f(b). Since f'(a) > 0, f(a + h) > f(a) for all small
h > 0. If f(a) < f(b), then f(a+ h) > f(b) for small h > 0, and this will force the graph to
peak at some point between a and b, i.e., f will have a local maximum at some ¢ in (a,b).
By part (i) of this Proposition, f’(c¢) will then be 0, contradicting the hypothesis that the
derivative of f is positive on all of I. Hence f(a) < f(b), and the assertion is proved. The
argument is similar when f'(z) < 0 for all z € I.
U
Proof of part (ii) of Proposition 6.5.3. Suppose f'(c) =0 and f”(¢) > 0. Then

f'le+h)

0.
3 >

f//(c> —
Then f(CTW will need to be positive for all small h. When h is small and positive (resp.
negative), this will mean that f’(a + h) is positive (resp. negative). By the Lemma above,
f will, for all small positive h, be strictly increasing in (¢, ¢ + h) and strictly decreasing in
(¢ — h,c). So ¢ will have to be a local maximum of f. By a similar argument, if f'(c) = 0
and f”(c) <0, ¢ will be a local maximum, as asserted.
U
Suppose f is a differentiable function around a point c¢. We will say that ¢ is a critical
point of f iff f'(c) =0.
A critical point can be a local minimum or a local maximum or of neither type. For
example, the function

fla) = a°
has = 0 as the only critical point, as f’(z) = 322 But 0 is neither a local maximum nor a
local minimum.

6.6 The mean value theorem

Here is a very useful result to know:

The Mean Value Theorem Let f be a continuous function on [a,b]. Suppose f is
differentiable on (a,b). Then we can find a point c in (a,b) where the following holds:

f(b) - f(a)

flo) = 25—
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A special case of this result, obtained by setting f(a) = f(b), yields the following:

Rolle’s Theorem Let f be a continuous function on |a,b]. Suppose f is differentiable on
(a,b). Then we can find a point ¢ in (a,b) where f'(c) = 0.

Prof of Rolle’s theorem. Since f is continuous on [a, b], we know that there exist
¢,d in [a, b] for which (6.5.1) holds. If ¢ or d lies in the open interval (a,b), then part (i) of
Proposition 6.5.3 implies that the derivative vanishes there, proving Rolle’s theorem. So we
may assume that neither ¢ nor d is in (a, b), i.e, {c,d} = {a, b} as sets. Since by assumption,
f(a) = f(b), this forces us to have the maximum and the minimum value of f on [a, b] to be
f(a) (= f(b)). The only possibility then is for f to be a constant function, forcing f’(x) to
be 0 at every x € (a,b).

U
Proof of the Mean Value Theorem. Put
b) — f(a
(6.6.1) m = %ﬁ:(),
which is the slope of the line joining (a, f(a)) and (b, f(b)). Put
(6.6.2) g(x) = f(z) —m(x — a).
Then by additivity, ¢ is continuous on [a, b] and differentiable on (a, b). Moreover
gla) = f(a),
and
(6.6.3) g(b) = f(b) —m(b— a).
Combining (6.6.1) and (6.6.3), we get
g9(b) = f(b) = (f(b) = f(a)) = fla).
Hence
g(a) = g(b).
So we may apply Rolle’s theorem and conclude that for some ¢ in (a, b),
(6.6.4) g'(c) = 0.
On the other hand, by the definition (6.6.2) of g(x),
(6.6.5) glc) = f'(c)—m,
The assertion of the Theorem now follows by combining (6.6.4), (6.6.5) and (6.6.1).
U

We will end the section by noting certain facts concerning convexity and concavity.
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Recall from the Homework assignment 3 that a point u lies in a closed interval [c, d] iff
we can write u = (1 — t)c + td for some real number ¢ in [0, 1]. Given a function f on [a, b],

we will say that f is convex on [a, b] iff for every subinterval [c, d] and for every ¢ in [0, 1],,
we have

(6.6.6) FI(L=te+td) < (1—1)f(c) + tf(d).

It is said to be concave if the inequality is reversed, i.e., iff
(6.6.7) f((I=tec+td) > (1 —1t)f(c) +tf(d).

Note that the function f is linear iff equality holds everywhere.
A useful result, which we will not prove, is the following:

Proposition 6.6.8 Let f be a function which is differentiable on an open interval containing

la,b]. Then f is convex, resp. concave, on [a,b] if f' is an increasing, resp. decreasing,
function on this interval.

Note that if f is twice differentiable, we can assert that f is convex, resp. concave, iff f”
is everywhere positive, resp. negative.
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7 The Fundamental Theorems of Calculus, Methods of
Integration

So far we have separately learnt the basics of integration and differentiation. But they are
not unrelated. In fact, they are inverse operations. This is what we will try to explore in
the first section, via the two fundamental theorems of Calculus. After that we will discuss
the two main methods one uses for integrating somewhat complicated functions, namely
integration by substitution and integration by parts.

7.1 The fundamental theorems

Suppose f is an integrable function on a closed interval [a,b]. Then we can consider the
signed area function A on [a,b] (relative to f) defined by the definite integral of f from
a to x, i.e.,

(7.1.0) Alz) = / F(t)dt.

The reason for the signed area terminology is that f is not assumed to be > 0, so apriori
A(z) could be negative.

It is extremely interesting to know how A(z) varies with 2. What conditions does one
need to put on f to make sure that A is continuous, or even differentiable? The continuity
part of the question is easy to answer.

Lemma 7.1.1 Let f, A be as above. Then A is a continuous function on |a,b].

Proof. Let ¢ be any point in [a,b]. Then f is continuous at ¢ iff we have

]llir% A(c+h) = A(c).

Of course, i taking the limit, we consider all small enough A for which ¢+ h lies in [a, b], and
then let h go to zero. By the additivity of the integral, we have (using (7.1.10)),

Alc+h) —A(c) = / f(t)dt,
I(c,h)

where I(c, h) denotes the closed interval between ¢ and ¢ + h. Clearly, I(c, h) is [¢,c + h],
resp. [c + h,c|, if h is positive, resp. negative. When h goes to zero, I(c, h) shrinks to the
point {c}, and so

]lli_r% A(c+h) — A(e) = 0,

which is what we needed to show.
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The question of differentiability of A is more subtle, and the complete answer is given by
the following important result:

Theorem 7.1.2 (The first fundamental theorem of Calculus) Let f be an integrable
function on [a,b], and let A be the function defined by (7.1.0). Pick any point ¢ in (a,b),
and suppose that f is continuous at c. Then A is differentiable there and moreover,

A'(e) = f(e).
Some would write this symbolically as
(7.1.3) 4 / ft)dt = f(x).
dz
In plain words, this says that differentiating the integral gives back the original as long

as the original function is continuous at the point in question.

Proof. To know if A(z) is differentiable at ¢, we need to evaluate the limit

o Ale+h) = Ae)
(7.1.4) L = lim - .

By the additivity of the definite integral, we have

(7.1.5) A(c+h) — A(c) = / f(z)dz,
I(c,h)
where I(c, h) is as in the proof of Lemma 7.1.1.

Denote by M(c, h), resp. m(c, h), the supremum, resp. infemum, of the values of f over
I(¢, h). Then the following bounds evidently hold:

(7.1.6) hm(c,h) < / f(z)dx < hM(c, h).

I(c,h)
Combining (7.1.4), (7.1.5) and (7.1.6), we get for all small h,

1. i < < li .
(7.1.7) ]lll_I)% m(c,h) < L < ]lll_I)Ié M(c, h)
But by hypothesis, f is continuous at ¢. Then both m(c, h) and M(c, h) will tend to f(c)
as h goes to 0, which proves the Theorem in view of (7.1.7).
U

Let f be any function on an open interval I. Suppose there is a differentiable function ¢
on I such that ¢/(x) = f(z) for all z in /. Then we will call ¢ a primitive of f on I. Note
that the primitive is not unique. Indeed, for any constant «, the function ¢ 4+ o will have
the same derivative as ¢. Intuitively, one feels immediately that the notion of a primitive
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should be tied up with the notion of an integral. The following very important and oft-used
result makes this expected relationship precise.

Theorem 7.1.8 (The second fundamental theorem of Calculus) Suppose f,¢ are
functions on |a,b], with f integrable on [a,b] and ¢ a primitive of f on (a,b), with ¢ defined
and continuous at the endpoints a,b. Then
b
~ [ fas

One can rewrite this, perhaps more expressively, as
b

d
o)~ ota) = [ 4-od.
Proof. Choose any partition
P:ra=ty<t1 <...<t,=0b,
and set, for each j € {1,2,...,n},
M; = sup(f([tj-1,])) and m; = inf(f([t;-1,8])).
By definition,

n

(7.1.9) Z(t —tj-1) /f dr < i(tj—tj—l)mj

j=1

On the other hand, the Mean Value Theorem gives us, for each j, a number ¢; in
[tj—1,t;] such that

Blty) — bt 1)

(7.1.10) dle) = = —
j—tj—
Since ¢ is by hypothesis the primitive of f on (a,b), f(c;) = ¢'(¢;) for each j. Moreover,
(7.1.11) m; < fle;) < M,
and
(7.1.12) D o(t;) = b(tj1) = ¢(b) — é(a).
j=1

Combining (7.1.10), (7.1.11) and (7.1.12), we obtain

n

(7.1.13) Z ti—tis)m; < 6(b) —dla) < Y (t —tj)m

j=1
Since (7.1.9) and (7.1.13) hold for every partition P, and since f is integrable on [a, b],

the assertion of the Theorem follows.
O
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7.2 The indefinite integral

Suppose ¢ is a primitive of a function f on an open interval I. It is not unusual to set,
following Leibniz,

(7.2.1) /f(a:)dx = ¢(x).

This is called an indefinite integral because there are no limits and ¢ is non-unique. So
one can think of such an indefinite integral as a function of x which is unique only up to
addition of an arbitrary constant. One has, in other words, an equality for all scalars C

/f(a:)dx = /f(a:)dx—i—C.

It could be a bit unsettling to work with such an indefinite, nebulous function at first, but
one learns soon enough that it is a useful concept to be aware of.

In many Calculus texts one finds formulas like
/cosxdx = sinx + C

and |
/ —dr = logz + C.
x

All they mean is that sinx and log x are the primitives of cosz and %, ie.,

d .

%smx = cosx
and

ilogw = l

dz T

Of course the situation is completely different in the case of definite integrals.

7.3 Integration by substitution

There are a host of techniques which are useful in evaluating various definite integrals. We
will single out two of them in this chapter and analyze them. The first one is the method of
substitution, which one should always try first before trying others.

Theorem 7.3.1 Let [a,b] be a closed interval and g a function differentiable on an open
interval containing [a,b], with ¢’ continuous on |a,b]. Also let f be a continuous function on
g([a,b]). Then we have the identity

b g(b)
/f(g(x))g’(x)dx = / Fu)du.
@ g(a)



Proof. Let ¢ denote a primitive of f, which exists because the continuity assumption
on f makes it integrable on [a,b]. Then we have, by the second fundamental theorem of
Calculus,

g(b)
(7.3.2) / Flu)du = (g(b)) — 6(g(a) = (60 g)(b) — (0 g)(a).

g(a)

On the other hand, by the chain rule applied to the composite function ¢ o g, we have

(@og)(z) = (¢ og)(x) g'(x) = (fog)(x) g'(z).
Consequently,

b

(7.3.3) / fl9(@))g (@)de = / (b0 9)(x)dz.

a

Applying the second fundamental theorem of Calculus again, the right hand side of (7.3.3)
is the same as

(7.3.4) (@0 9)(b) — (¢ og)(a)
The Theorem now follows by combining (7.3.2), (7.3.3) and (7.3.4).
0

Before giving some examples let us note that powers of sinz and cos x, as well as polyno-
mials, are differentiable on R with continuous derivatives. In fact we can differentiate them
any number of times; one says they are infinitely differentiable. The same holds for ratios of
such functions or their combinations, as long as the denominator is non-zero in the interval
of interest.

Examples 7.3.5: (1) Let

/2
I = / sin3x cos xdz.
0

Thanks to the remark above on the infinite differentiability of the functions in the integrand,
we are allowed to apply Theorem 7.3.1 here, with

g(r) = sinz and f(u) =u’.

Then, since ¢’(x) = cosx (as proved earlier, g(0) = 0 and g(7/2) = 1, we obtain

1

1
I = 3du = =
/uu 4

0
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(2) Put
w/4

I = /COSQxdl'.

0

Recall that
cos’x —sin?z = cos 2z.

Since cos? x + sin’x = 1, we get
b

1+ cos2x

cos’x =
2

Using this and the easy integral foﬁ/4 dr = 7/4, we get

1
I = g—%—J, with J = 5/0052xdm.

Put g(x) = 22 and f(u) = cosu, which are both infinitely differentiable on all of R, and use
Theorem 7.3.1. to conclude that, since ¢'(x) =2, g(0) = 0 and g(7w/4) = 7/2,

/4

7= 1/ cosudu — sin(7/4) — sin0) _ 1 ’
4 4 42

0

This implies that

(3) Evaluate

1
I:/\/l—aﬂdaj.
0

Here we use the substitution theorem in the reverse direction. The basic idea is that v/1 — x2
would simplify if z were sint or cost. Put

g(t) = sint and f(u) = Vu.

Then g is differentiable everywhere with ¢'(t) = cost being continuous on [0, 1]. We chose
the interval [0, 1] because ¢(0) = 0 and g(7/2) = 1, giving us the limits of integration of /.
Also, f is continuous on ¢([0,7/2]) = [0,1]. (At the end point 0, the continuity of f means
it is right continuous there. This is good, because f is not defined to the left of 0.) So we
have satisfied all the hypotheses of Theorem 7.3.1 and we may apply it to get

/2 /2

I= /f(g(t))g’(t)dt: / V1 —sin®t costdt.
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But

V1 —sin?t = Vcos?t = |cost|,

which is just cost, because the cosine function is non-negative in the interval [0, 7/2]. Hence
w/2
I = / cos® tdt.
0

We just evaluated the integral of cos?t in the previous example, albeit with different limits.
In any case, proceeding as in that example, we get
m  sin(7/2) —sin0 7 —1

I == —
4+ 4 4

7.4 Integration by parts

Some consider this the most important theorem of Calculus. Its use is pervasive.

Theorem 7.4.1 Let [a,b] be a closed interval and let f,g be differentiable functions in an
open interval around [a,b] such that f', g continuous on [a,b]. Then we have

[ t@g @i = s@gte)lt - [ gl

Here f(x)g(x)]; denotes f(b)g(b) — f(a)g(a).
Proof. By the product rule,

(7.4.2) (f9)(z) = f(x)d' (x) + f'(x)d (x)

for all x where f and g are both differentiable. Subtracting f’(x)g(x) from both sides and
integrating over [a, b] we get

b b

(7.4.3) / fag @)z = [ (19 (@it~ [ F@pg(oyde

But by the second fundamental theorem of Calculus,

b

(r.4.40) [Gar@s = (1)) - (f9)(@.

a

The assertion now follows by combining (7.4.3) and (7.4.4).
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Example 7.4.5: FEvaluate, for any integer n > 0,

/2

I, = /cos”xdx.

0

w/2
0

L = / cosxdr = sin(m/2) —sin0 = 1,
0

First note that

N[N

and

because sin(7/2) = 1 and sin0 = 0.

We have already solved the n = 2 case in the previous section using substitution, but we
will not use it here. Integration by parts is more powerful!

So we may suppose that n > 1. Put

f(z) = cos" 'z and g(z) = sinx.
Then, as noted earlier, f and ¢ are infinitely differentiable on all of R, with
fl(x) = (n—1)cos" *x - (—sinx) and ¢'(z) = cosu,

where the first formula comes from the chain rule. Now we may apply Theorem 7.4.1 and

obtain
/2

I, = (cos" (z)sinz) T2 (n—1) / cos"?x(—sinz) - sin xdx.
0

Note that n —1# 0 as n > 1 and cosfsiné is 0 if 6 is 0 or w/2. Therefore the first term on
the right is zero, and we get

w/2
I, = (n— 1)/ cos" % zsin® zdz.

0
Since sin?z = 1 — cos® z, we get
I, = (n—1)1,—2+ (n—1)I,,

which translates into the neat recursive relation

1
I ="""r
n
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In particular,

1 T 3 3T
I, = =Jy =~ I, = °I, = 2= ...
2 20 47 4 42 167
and 9 2 4 8
P 3T 3t T 5 T 15

It will be left as a nice exercise for the reader to find exact formulae for I, and Is,_1.
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8 Factorization of polynomials, Integration by partial
fractions

We know by now how to integrate any polynomial. What about rational functions? This is
much harder. To approach it systematically, we first need some basic facts about polynomials
and their factorizations. This leads to what is called a partial fraction expansion of the
reciprocal % of a polynomial f(z). Using this we can reduce the study of the general case
to the following three cases:

(8.0.1) / (xfix@m

dx
(8.0.2) / (22 + bz + )™

and

(8.0.3) / vdz

(22 4 bx + )™’

Here a, b, c are arbitrary scalars and m any positive integer.

It turns out that we can compute (8.0.1) and (8.0.3) without trouble (see section 8.4)
by using substitution and the logarithm. To evaluate (8.0.2) even for m = 1, however, will
require that we understand the arctangent function, which we will be do in chapter 9. One
tackles the m > 1 case of (8.1.2) by a reduction process, as in the evaluation of the integral
of cos™ x.

8.1 Long division, roots

Suppose F' is any field, for example R, C or Q. By a polynomial of degree n with
coefficients in F', we mean a function of the form

(8.1.1) f(x) = ap+ a1 +agx® + ... +a,2" with a; € F(Vj) and a, # 0.

One writes deg(f) for the degree n of f. Note that if two g is a polynomial of degree m with
coefficients in F', then

(8.1.2) deg(fg) = deg(f) + deg(9),

while
deg(f +9) < max{deg(f),deg(g)}.

One defines the degree of the zero polynomial to be —oc. This is forced upon us so as
to have (8.1.2) when f = 0 and g arbitrary. (Think about it!)
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Everyone is used to doing long division of polynomials in High School, and what results
is the following useful result, called the Euclidean algorithm for polynomials:

Theorem 8.1.3 Let f,g be polynomials with coefficients in F'. Then we can find other
polynomials @), called the quotient polynomial, and R, called the remainder, such that

flx) = Qz)g(x) + R(z) with deg(R) < deg(g).

We will say that g divides f, or that ¢ is a factor of f, when there is no remainder,
i.e., when R is the zero polynomial, in which case we have the factorization

A number « in F' will be called a root of a polynomial f iff we have f(a) = 0. The
following useful Lemma tells us the relationship between having a root and being factorizable.

Lemma 8.1.4 Given a scalar o in F' and a non-constant polynomial f with coefficients in
F, the folowing are equivalent:

(i) « is a root of f;
(ii) x — « divides f(x).
Proof. Applying Theorem 8.1.3 with g(x) =z — «, we get
(8.1.5) f(z) = Q(x)(x — o) + R(x)

with deg(R) <deg(g) = 1. Then the only possibility is for R to be a constant polynomial,
i.e., a scalar ¢. Then, plugging in z = « in (8.1.5), we obtain

fla) = Qla)(a—a)+c = ¢
which implies that f(«) is zero iff ¢ is zero, which happens iff 2 — a divides f.
To paraphrase this Lemma, every time we find a root we can factor!
A polynomial f will be called irreducible over F'iff f has no factor g with

(8.1.5) 0 < deg(g) < deg(f).

Lemma 8.1.6
(i) Any linear polynomial f, i.e., one of degree 1, is irreducible.

(ii) The polynomial f(x) = ax® + bx + ¢ is irreducible over R iff the discriminant D =
b? — 4ac 1is negative.
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The most important example of (ii) is of course 2% + 1.

Proof. Part (i) is clear from the condition (8.1.5). So let us prove part (ii). We know
from High School mathematics that the roots of the quadratic polynomial f(z) = ax?+br+c

are given by
~b++vD
2

with D = b? — 4ac. These roots always exist in C. But for them to exist in R, it is necessary
and sufficient that D have a square-root in R, i.e., that D be non-negative in R. (The roots
are not distinct iff D = 0.)

a4 =

8.2 Factorization over C

The most important result over C, which is the reason people are so interested in working
with complex numbers, is the following:

Theorem 8.2.1 (The Fundamental Theorem of Algebra) FEvery non-constant poly-
nomial with coefficients in C admits a root in C.

We will not prove this result here. But one should become aware of its existence if it is
not already the case! We will now give an important consequence.

Corollary 8.2.2 Let f be a polynomial of degree n > 1 with C-coefficients. Then there
exist complex numbers ay, . .., o, with a; # «a; if © # j, positive integers mq, ..., m,, and a
scalar ¢, such that

f@) = eJ[@—a.

and

r
E mj = n.
Jj=1

In other words, any non-constant polynomial f with C-coefficients factorizes com-
pletely into a product of linear factors. For each j < r, the associated positive integer
m; is called the multiplicity of a; as a root of f, which means concretely that m; is the
highest power of (x — «;) dividing f(x).

Proof of Corollary. Let n > 1 be the degree of f and let a,, be the non-zero leading
coefficient, i.e, the coefficient of ™ (see (8.1.1)). Let us set

(8.2.3) C = Q.

Ifn=1,
a
f(z) = ez +ap = c(r —a1) with ag = a_o'
1

So we are done in this case by taking r =1 and m; = 1.
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Now let n > 1 and assume by induction that we have proved the assertion for all m < n,
in particular for m = n — 1. By Theorem 8.2.1, we can find a root, call it 3, of f. By
applying (8.1.4), we may then write

(8.2.4) f(x) = (z = B)h(z),

for some polynomial h(z) necessarily of degree n — 1. The leading coefficients of f are
evidently the same. By induction we may write

h(z) = CH (x — &i)ki,

for some roots aq, ..., as of h with respective multiplicities nq, ..., ns, so that

ikl =n—1.
i=1

But by (8.2.4), every root of h is also a root of f, and the assertion of the Corollary follows.
U

8.3 Factorization over R

The best way to understand polynomials f with real coefficients is to first look at their
complex roots and then determine which ones of them could be real. To this end recall first
the baby fact that a complex number z = u + v is real iff z equals its complex conjugate
Z = u — v, where i = /—1.

Proposition 8.3.1 Let
f(x) = ap+axr+...+a2” with a; €e RVj<n and a,#0,

for some n > 1. Suppose a is a complex root of f. Then @ is also a root of f. In
particular, if r denotes the number of real roots of f and s the non-real (complex) roots of
f, then we must have

n = r+2s.

We get the following consequence, which we proved earlier using the Intermediate value
theorem.
Corollary 8.3.2 Let f be a real polynomial of odd degree. Then f must have a real root.
Proof of Proposition. Let o be a complex root of f. Recall that for all complex

numbers z, w,

(8.3.3) zw =zZw and z4+w = Z+w.
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Hence for any j < n, o

(@) = ad.

Moreover, since a; € R (Vj), @; = a;, and therefore
a;(@)7 = a;ad.

Consequently, using (8.3.3) again, we get

(8.3.4) f@ =3 @ = Fla.
5=0
But « is a root of f (which we have not used so far), f(«) vanishes, as does its complex
conjugate f(a). So by (8.3.4), f(@) is zero, showing that @ is a root of f.
So the non-real roots come in conjugate pairs, and this shows that n minus the
number 7, say, of the real roots is even. Done.

O

Given any complex number z, we have
(8.3.5) 247z, 2z € R.
This is clear because both the norm 27z and the trace z + Z are unchanged under complex
conjugation.

Proposition 8.3.6 Let f be a real polynomial of degree n > 1 with real roots avy, . . ., g with
multiplicities ny, ..., ng, and non-real roots (1, By, .., B¢, B, with multiplicities my, ..., my
in C. Then we have the factorz’zatz’on

‘
(%) = CH (x — )" H (z® + bz + ¢;)™,
7=1

where for each j </, B B

—(Bj+8;) and ¢ = B;0;,
Fach of the factors occurring in (%) is a real polynomial, and the polynomials x — «; and
z? + bz + ¢; are all irreducible over R.

Proof. In view of Corollary 8.2.2 and Proposition 8.3.1, the only thing we need to
prove is that for each j < ¢, the polynomial
hj(z) = 2°b; +¢;

is real and irreducible over R. The reality of the coefficients b; = —(5; + BJ) and ¢; = Bjﬁj
follows from (8.3.5). Suppose it is reducible over R. Then we can write

hj(z) = (z —1t;)(x — 1))

for some real numbers ¢;, . On the other hand BJ,B are roots of h;. This forces the equality
of the sets {t;,t;} and {BJ,B }, contradicting the fact that [, is non-real. So h; must be
irreducible over R.

O
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8.4 The partial fraction decomposition

Here is the main result.

Theorem 8.4.1 Let
k ¢
g(x) = H (x — o)™ - H (2% + bjx + ¢;)™,
i=1 j=1

where the a;, bj, c; are real, and the n;, m; are positive integers. Then there exist real numbers
Agp),Bj(Q),Cj(q), with 1 <i<k,1<p<n;, 1<j<landl<q<m;j, such that

ko ni (p) ¢omy (2) (a)
1 A BVx+ C;
(8.4.2) — = —L 4 - I
g(x) ZZI pzl (z — a;)®) 321 qzl (22 + bjx + ¢;)@

We will not prove this here. But here is the basic idea of the proof. Cross multiply
k ¢
(8.4.2) and get a polynomial equation of degree n = > n; + > m; (which is the degree of
i=1 j=1
g) where the coefficients involve the n indeterminates A" ), BJ(H), Cj(q). One solves for them
by comparing the coefficients of 2%, for 1 < < n. This results in an n x n linear system,
i.e., a system of n linear equations in the n unknowns. In Malb you will learn to determine
when such a linear system has a solution.
Let us try to understand this procedure in the simple case when

g(x) = (z — a)*(2* + br +¢).
We want to show that there exist numbers A!, A%, B, C' such that

1 AW n A® n Bx+C
g(z) z—a (r—a)? a2+br+c

Cross multiplying, this gives the equation

1 = AW(z —a)(2® +bx +¢) + AP (22 4+ bx + ¢) + (Bx + C)(z — o).
Multiplying the right hand side out, we obtain
1 = AV (@34 (b—a)2’+(c—a)z—ca)+ AP (22 +br+c)+ B(z*— 202’ +0’2) +C (22— 20x+07).
Comparing coefficients, we get

(i) AD £+ B =0, AV(b—a)+ A® —2Ba+C =0,

(17) AW(c—a)+ APb+ Ba®> —2Ca = 0, and — AYeca+ APc+ Ca? = 1.
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This gives four linear equations in four unknowns, namely in AW, A® B and C. The
equations (i) imply

(i11) AV = _B and A® = —AW(b—-a)+2Ba—-C = B(b+a)-C.

Eliminating A®, A® from (ii) using (iii), we get

(1v) B>+ (b+1Da+b*—c)—C(b+2a) =0
and
(v) B(b+2a)c+C(a® —¢) = 1.

It can be checked that the linear equations (iv), (v) are independent, so that we can solve
for B, C in terms of a, b, c. Then we can find A® i = 1,2 by using (iii).
To have a numerical example, take

Then (iv) becomes B —2C' = 0 and (v) becomes 2B = 1, so the solution we seek is given by

1 1 1 1
B==(C=>= AM - _- A® - Z
2’ 4’ 2’ 2
Therefore
1 B L S
(z—1222+1) 2x—-1) 2@x-1)2 4(22+1)

8.5 Integration of rational functions

Let us begin discussing a simple situation. The numerical example at the end of section 8.4
implies, by the additivity of the integral, that

dx
(8.5.1) / -1+ 1) = L+ I, + Is,

1-1:_1\/ dxa
2 xr—1
1 dz
I, = — —
? Q/kx—UQ

1 [ 2041
I = - [ 2
3 4/xudx

where

and

We will see in the next chapter that
1
I = —ilog]x—ll +C.

106



Using substitution and the knowledge of the integral of 2%, we get

1
Iy, = —72(3:_ 0 + C.

And
Is = I3 + 139,

where

1 2 1
Iy =~ | ——dx = ~log(z*+ 1)+ C
3,1 4/x2+1x 7 log(@” +1) +C,

which was evaluated by using the substitution v = z? + 1, and

7 _1/ dx
2oyl 2y

which we will be able to evaluate in the next chapter when we study the arctan function.

Suppose we want to integrate a general rational function. We have the following
result.

Proposition 8.5.2 Let % be a rational function, i.e., a quotient of polynomials f(z), g(x),
with real coefficients. Then the (indefinite)

1= / de
9(x)
can be written as a real linear combination of integrals of the form (8,0,1), (8,0,2) and (8,0,3)
and the integral of a polynomial (which shows up only when deg(f) >deg(g)).

Proof. Thanks to Proposition 8.3.6 and Theorem 8.4.1, we can write I as a linear
combination of integrals of the form

(8.5.3) I = / (hﬂdx

xr—a)m

h(z)
I, = d
? / (22 4+ bx + )™ “

where h(z) denotes a polynomial with real coefficients. In fact, h(z) is in Iy, resp. Iy, a
multiple of f(z), resp. (Az + B)f(z) for some A, B.

There is nothing to prove if f(z) is a constant. So let us take the degree of f to be > 1.
The Proposition is clearly a consequence of the following

and

Lemma 8.5.4 Let ¢(x) be a real polynomial of degree > 1, and let a,b, c be real numbers
with a,b # 0. Then

(i) We can write ¢(z) as a polynomial in (x — a) with real coefficients.
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(ii) If ¢(x) has degree > 2, then we can write
oe) = D Ajl)(ba + ),
=0

where each \j(x) is a real polynomial of degree < 1.

Proof of Lemma 8.5.4. Let the degree of ¢(z) be n.
(i) The assertion is obvious if n = 1, So take n to be > 1 and assume by induction that the
assertion holds for n — 1. Using Theorem 8.1.3, we can write

(8.5.5) o(r) = Q(z)(x —a)+ 1,

where ¢; is a constant. Since Q(z) is of degree n — 1, we may apply the inductive hypothesis
and conclude that Q(z) is a real polynomial in # — a. Then (8.5.5) shows that ¢(z) is also
a polynomial in « — a, as claimed. Done.

(ii) We will apply the Principle of Induction to the set of all integers > 2. Suppose n = 2,
with ¢(z) = Az?+ Bx+C, A # 0. Then ¢(z) can be written as A(z*+bx+c)+ ((B— Ab)z+
(C' — Ac)), so the assertion holds with A\o(z) = (B — Ab)z + (C' — Ac) and A\ (z) = A. So
take n to be greater than 2 and assume by induction that the assertion holds for all m < n.
Now applying Theorem 8.1.3 again, we may write

(8.5.6) d(x) = Q(z) (2 + bz + ¢) + Xo(2),

where A\o(x) is a real polynomial of degree < 2. Since the degree of Q(x) is of degree n — 2,
we may apply the inductive hypothesis and conclude that

k

Qz) = Z pi(z) (2 + b + ¢,

=0

with each p;(z) if a real polynomial of degree < 1. Combining this with (8.5.6), we get what
we want with r = k4 1 and \j(x) = pj_1(z) for each j > 1.
O

The next key step is to complete the square. Explicitly, we can, given any pair of real
numbers b, ¢, write

b b?
(8.5.7) 2?4 br+c = (x—i—i)Q—l—(c—Z).

When z? + bx + c is irreducible over R, which we may assume to be the case, thanks to
Proposition 8.3.6, its discriminant b* — 4c is necessarily negative, and so ¢ — bz is positive

and thus can be expressed as €2, for a positive real number e. Consequently, by using the

substitution u = x + 2, which gives u/(z) = 1, we can transform the integrals (8.0.2) and

(8.0.3) into linear combinations of integrals of the following form:

(8.5.8) I = /( du

u? 4 e2)m
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and
I / udu
2 (u2 + e2)m’

There is no problem at all in evaluating I5. If we put v = u? + €2, then dv = 2udu, and

1
Lol
2 pm

which equals

1 1
ilog]vl—l—C = ilog]u2+62]+0 if m=1,

and . .
4= C it 1.
2(m — 1ot 2m @ eyt M

We may use substitution again to simplify /;. Indeed, if we set y = u/e, we have
1 2, 2 20,2
dy = —du, and u”+e” =e“(y"+1).
e

Consequently,

(8.5.9) I = 1/ dy

e (y+1m
As mentioned above, this will turn out to be given by %arctany + C when m = 1.

It is left to discuss a reduction process which allows us to compute

dy
I = | 5
/(y2+1)m
for m > 1.

Let us try the substitution
y = tant.

Since tan?t 4+ 1 = sec? t, we have
(> +1)™ = sec®™t and dy = sec®tdt.

Consequently, since ﬁ = cost,
Im = / cos?™ D ¢ dt.

We have already evaluated it in the previous chapter. Finally, to write the answer in the
variable y, we will need to write ¢ as arctan y.
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9 Inverse Functions, log, exp, arcsin, ...

9.1 Inverse functions

Suppose f is a function with domain X and image (or range) Y. By definition, given any
x in X, there is a unique y in Y such that f(z) = y. But this definition of a function is
not egalitarian, because it does not require that a unique number x be sent to y by f; so y
is special but x is not. A really nice kind of a function is what one calls a one-to-one (or
injective) function. By definition, f is such a function iff

(9.1.1) flx) = f(2') = = = 2.

In such a case, we can define an inverse function g with domain Y and range X, given by
(9.1.2) gly) =z iff  f(z)=y.

Clearly, when such an inverse function g exists, one has

(9.1.3) gof=1x and fog=iy,

where iy, resp. 1y, denotes the identity function on X, resp. Y.
We will be concerned in this chapter with X, Y which are subsets of the real numbers.

Proposition 9.1.4 Let f be a one-to-one function with domain X C R and range Y,
with inverse g. Suppose in addition that f is differentiable at x with f'(z) # 0. Then g is
differentiable at y = f(x) and we have

for all x in X with y = f(x).

Note that if we know a priori that f and g are both differentiable, then this is easy to
prove. Indeed, in that case their composite function g o f, which is the identity on X by
(8.1.3), would be differentiable. By differentiating the identity

9(f(x)) = =
with respect to x, and applying the chain rule, we get
g(f'(@) flx) =1,
because the derivative of x is 1. Done.

Proof. We have to compute the limit

I — lm g(y+h) —g(y)'
h—0 h
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Since f, g are one-to-one, we can find, for each small h, a small A’ such that
y+h = flz+hn).

So
gly+h)—gly) = (x+h)—z =1

and
h=(y+h)—y = flx+1)— f(z)

Moreover, h’ goes to 0 as h goes to 0 (and vice-versa). Hence

. '
L= i}/lg}o flx +1)— f(z)

which is the inverse of f’(z). It makes sense because f’(z) is by assumption non-zero.

O

Note that this proof shows that g is not differentiable at any point y = f(x) if f’ is zero
at .

It is helpful to note that many a function is not one-to-one in its maximal domain, but
becomes one when restricted to a smaller domain. To give a simple example, the squaring
function

flz) = 2?
is defined everywhere on R. But it is not one-to-one, because f(a) = f(—a). However, if we

restrict to the subset R, of non-negative real numbers, f is one-to-one and so we may define
its inverse to be the square-root function

9(y) = Vy, Yy e Ry

Another example is provided by the sine function, which is periodic of period 27 and
hence not one-to-one on R. But it becomes one when restricted to [—m/2, 7/2].

9.2 The natural logarithm

For any x > 0, its natural logarithm is defined by the definite integral

[ dt
(9.2.1) logz = n

1

Some write In(x) instead, and some others write log, . When 0 < = < 1, this signifies the
negative of integral of % from z to 1. Consequently, logx is positive if x > 0, negative if
r < 0 and equals 0 at x = 1.
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Proposition 9.2.2
(a) logl = 0.
(b) logx is differentiable everywhere in its domain Ry = (0, 00) with derivative .
(c) (addition theorem) For all z,y >0,
log(zy) = logz + logy.
(d) logx is a strictly increasing function.

(e) logx becomes unbounded in the positive direction when x goes to oo and it is unbounded
i the negative direction when x goes to 0.

(f) logx is integrable on any finite subinterval of Ry, and its indefinite integral is given by

/logxdx = zlogr —xz+C.

(g9) logz goes to —oo (resp. 0o) slowly when x goes to 0 (resp. 00); more precisely,

() lir% rloge = 0
and

1
(i4) lim 2% _

Tr—00 €T

(h) The improper integral of logx over (0,b] ezists for any b > 0, with

b
/logxdx = blogb — 0.
0

Property (c) is very important, because it can be used to transform multiplicative
problems into additive ones. This was the motivation for their introduction by Napier in
1616. Property (b) is also important. Indeed, if we assume only the properties (a),(c),(d),(e)
for a function f on R, there are lots of functions (logarithms) which satisfy these properties.
But the situation becomes rigidified with a unique solution once one requires (b) as well.
This is why log is called the natural logarithm. The other (unnatural) choices will be
introduced towards the end of the next section.

Proof. (a): Since log1l = 0 and expolog is the identity function,
exp(0) = exp(log(1l)) = 1.
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(b):  For any z, the function % is continuous on [0, z], hence by the First Fundamental
Theorem of Calculus, log x is differentiable at x with derivative i

(c): Fix any y > 0 and consider the function of = defined by
l(x) = log(zy) on {z > 0}.

Since it is the composite of the differentiable functions * — zy and v — logu, ¢ is also
differentiable. Applying the chain rule, we get

o=s(2) -

Thus ¢ and log both have the same derivative, and so their difference must be independent
of x. Write
l(x) = logz + c.

Evaluating at = 1, and noting that log 1 = 0 and A\(1) = log z, we see that ¢ must be log z,
proving the addition formula.

(d):  As we saw in chapter 6, a differentiable function f is strictly increasing iff its derivative
is positive everywhere. When f(z) = log z, the derivative, as we saw above, is 1/, which is
positive for = > 0. This proves (d).

(e): Aslogx is strictly increasing and since it vanishes at 1, its value at any number zy > 1,
for instance at xo = 2, is positive. By the addition theorem and induction, we see that for
any positive integer n,

(9.2.3) log(z() = nlog x.

Consequently, as n goes to oo, log(z{) goes to oo as well. This proves that log z is unbounded
in the positive direction. For the negative direction, note that for any positive x; < 1, log x;
is negative (since log 1 = 0 and log x is increasing). Applying (8,2,3) with z( replaced by 1,
we deduce that log(z}) goes to —oo as n goes to oco. Done.

(f) Since log z is continuous, it is integrable on any finite interval in (0, 00). Moreover, by
integration by parts,

d
/logxdx = xlogx—/x%(logx)dx.

The assertion (f) now follows since the expression on the right is xzlogz — 2 + C.
(g): Put
L = lim zlogx

x—0
and
Lopw) = —tog (2), and gw)
= — = —log | — an u) = u.
U 7z’ U g u) g
Then we have
L= — lim 1
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Then by (e), f(u) and g(u) approach co as u goes to oo, and both these functions are

differentiable at any positive u. (All one needs is that they are differentiable for large w.)
Since v/(z) = —% = —u?® and f(u) = —log x, we have by the chain rule,

_dffde 1)z _ 1

f'(w)

dufdr  —u? u
Since ¢'(u) = 1 for all u, we then get
/
lim L W _

So we may apply L’Hopital’s rule (see the Appendix to this chapter), and conclude that

giving (i). The proof of (ii) is similar and will be left for the reader to check.
(h):  The improper integral of log x exists over (0, b] iff the following limit exists:

b
L = lirré / logtdt.

T

Thanks to (f), we have

b
/logtdt = (tlogt —t)|> = (blogb —b) — xlogz + .

T

To prove (h) we need to show that
lirré (xlogz —x) = 0,

which is a consequence of (g).

9.3 The exponential function

In view of the discussion in section 9.1, and the fact (parts (d), (e) of Proposition 9.2.2)
that logx is a strictly increasing function with domain R, and range R, we can define the
exponential function, exp(x) for short, to be the inverse function of logz. Note that
exp(z) has domain R and range R .
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Proposition 9.3.1
(a) exp(0) = 1.
(b) exp(x) is differentiable everywhere in R with derivative exp(z).
(c) (addition theorem) For all z,y € R,

exp(z +y) = exp(z) exp(y).

(d) exp(x) is a strictly increasing function.

(e) exp(x) becomes unbounded in the positive direction when x goes to oo and it goes to 0
when x goes to —oo.

(f) exp(x) is integrable on any finite subinterval of Ry, and its indefinite integral is given
by

/exp(x) dr = exp(x) + C.

(9) As x goes to oo (resp. —o0), exp(x) goes to oo (resp. 0) faster than any polynomial
p(x) goes to oo (resp. —o0), i.e.,

. o Pa)

) b exp(z) !
and

(17) lim p(z)exp(x) = 0.

T——00

(h) The improper integral of exp(z) over (—oo,b] exists for any b > 0, with

b

/ exp(z) dr = exp(b).

—00

Proof. (a): This is immediate from the definition.
(b): Note that the derivative i of log = is nowhere zero on its domain R, . So we may apply
Proposition 9.1.4 with f = log, g = exp and y = logx to get the everywhere differentiability

of exp, with
d 1) = —— = —— = 2 = exply)
dyexpy = Togay 1z =z = exp(y).

(c): Fix z,y in R. Then we can find (unique) w, v in R4 such that

r = logu and y = logwv.
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Applying part (c) of Proposition 9.2.2; we then obtain
exp(z +y) = exp(logu + logv) = exp(log(uv)) = wv.

The assertion follows because u = exp(x) and v = exp(y).

(d): Let x >y be arbitrary in R. Write = = logu, y = logv as above. Since log is strictly
increasing, we need u > v. Since u = exp(x) and v = exp(v), we are done.

(e):  Suppose exp(z) is bounded from above as x goes to infinity, i.e., suppose there is
a positive number M such that exp(z) < M for all x > 0. Then, since log is a strictly
increasing function, = = log(exp(z)) would be less than log(M) for all positive z, which is
absurd. So exp(z) must be unbounded as z becomes large. To show that exp(x) approaches
0 as = goes to —oo, we need to show that for any € > 0, there exists —7T < 0 such that

(9.3.2) exp(x) < ¢ whenever =< —T.

Applying the logarithm to both inequalities, writing —7" = logu for a unique u € (0,1)
and & = exp(e), and using the fact that log is a one-to-one function, we see that (9.3.2) is
equivalent to the statement

(9.3.3) x < ¢ whenever logz < logu,

which evidently holds by the properties of the logarithm. Hence exp(z) goes to 0 as = goes
to —oo.
(f) Since exp(z) is continuous, it is integrable on any finite subinterval of R. In fact, since
exp(z) is its own derivative, it is its own primitive as well, proving the assertion.
(g): To prove (i), it suffices to show that for any j > 0, the limit

L = lim 2’exp(z)
exists and equals 0. When j = 0 this follows from (e), while the assertion for j > 1 follows
from the case j = 1, which we will assume to be the case from here on. It then suffices
to show that the function exp(x)/x goes to oo as x goes to co. By taking logarithms, this
becomes equivalent to the statement that z/logx goes to oo as log x, and hence x, goes to
0o, which is what we proved in our proof of the limit (i) of Proposition 9.2.2, part (g). (One
can also apply, with care, L'Hopital’s rule directly to the quotient x/exp(z) and thereby
establish (i).) The proof of (ii) is similar and will be left for the reader to check.
(h):  The improper integral of exp(z) exists over (—oo, b] iff the following limit exists:

T——00

b
L = lim /exp(t)dt.

Thanks to (f), we have

/exp(t) dt = exp(b) — exp(x).
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To prove (h) we need only show that

lim exp(z) = 0,

T——00

which is a consequence of (e).
U

How many differentiable functions are there which are derivatives (and hence primitives)
of themselves? This is answered by the following

Lemma 9.3.4 Let f be any differentiable function on an open interval (a,b), possibly of
infinite length, satisfying f'(z) = f(z) for all x in (a,b). Then there exists a scalar ¢ such
that

f(z) = cexp(z) Vz € (a,b).

Moreover, if f(0) =1, then f(z) equals exp(x) on this interval.
Proof. Define a function h on (a,b) by

f(z)

h(z) = M7

which makes sense because exp never vanishes anywhere.
Since f and exp are differentiable, so is h, and by the quotient rule we have

B (z) = f'(a) exp(z) — f(a)exp'(z) _ f(x)exp(z) — f(x)exp(z) _ 0

exp(x)? exp(z)?

because f and exp are derivatives of themselves. Therefore h(x) must be a constant ¢, say.
The Lemma now follows.
O

Definition 9.3.5 Put
e = exp(l).

Equivalently, e is the unique, positive real number whose natural logarithm is 1. It is not
hard to see that, to a first approximation, 2 < e < 4. One can do much better with some
work, of course, and also show that e is irrational, even transcendental.

A natural question now arises. We have worked with the power function a* before, for
any positive real number a, which satisfies the same addition rule as expz, i.e.,

(9.3.6) a* = a* - av.

. What is the relationship between e” and exp(x). The answer is very satisfying.

Proposition 9.3.7 For all x in R, we have

exp(z) = €”.
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We will for now accept the following result, which will be proved later in chapter 11:

Lemma 9.3.8 We have

Proof of Proposition 9.3.7. First we claim that e* is its own derivative. Indeed, by

(9.3.6),
’ eac—f—h — 7 ’ . €h -1
11m —,—— = 11l .
h—0 h h—0 € h

The right hand side limit is e* by Lemma 9.3.8, yielding the claim.
Next we apply Lemma 9.3.4 to deduce that e® must be a multiple of exp(x). In fact,
since € = 1, e* must equal exp(z).
O

Just like exp(z), the power function a” is, for any positive number a, a strictly increasing
function. One calls the inverse of a®* by the name logarithm to the base a and denotes it
by log, y. Then log, satisfies many of the properties of log, but its derivative is not 1/z (if

a# e.
Proposition 9.3.9 Fiza > 0. Then

d
d—(ax) = a"loga,
x
and p .
—(1 = .
dy(ogay) Jloga
Proof. Note that

zloga
)

a® = exp(log(a®)) = e
which is the composite of x — zloga and u — e*. Applying the chain rule, we obtain

d

d—(ax) = ¢*°8% . Joga = a”loga.
x

The formula for the derivative of log, y follows from this and Proposition 9.1.4.

The basic hyperbolic functions are defined as follows:

r __ - T —x inh
(9.3.10) sinhz = %, coshz = & +2€ , tanh(z) = i

coshz’

The other hyperbolic functions are given by the inverses of these.
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9.4 arcsin, arccos, arctan, et al

The sine function, which is defined and differentiable everywhere on R, is periodic with period
27 and is therefore not a one-to-one function. It however becomes one when the domain is
restricted to [—m /2, 7/2]. One calls the corresponding inverse function the arcsine function,
denoted arcsinz. Clearly, the domain of arcsinx is [—1,1] and the range is [—7/2,7/2].
Moreover, since the derivative cosz of sinz is non-zero, in fact positive, in (—7/2,7/2),
we may apply Proposition 9.1.4 and deduce that the arcsine function is differentiable on
(—m/2,m/2), with

d 1 1 1
(9.4.1) @(arcsin y) = = =

CosSx V1 —sin’z 1 —y?

where y = sin z.

One notes similarly that cosz, resp. tanz, is one-to-one on [0, ], resp. (—m/2,7/2),
and defines its inverse function arccos x, resp. arctan z, with domain [—1, 1] and range [0, 7].
Arguing as above, we see that arccos z is differentiable on (0, 7) and arctan x is differentiable
on (—m/2,7/2), with

d 1
9.4.2 —(arccosr) = ——=
(942) ylomecos®) =~
and
d 1
(9.4.3) @(arctanx) =1
Consequently, we obtain
d
(9.4.4) / 1+yy2 — arctany + C
and
d
(9.4.5) S arcsiny + C.
1 —y?

This incidentally brings to a close our quest to integrate arbitrary rational functions,
which we began in the previous chapter, where we reduced the problem to the evaluation of
the integral on the left of (9.4.4).

It should be notes that it is a miracle that we can evaluate the reciprocal of the square

root of 1 — 92 (for —1 < y < 1) in terms of arcsiny. If one tried to integrate —— for a
v ( <y<l) Y grate

polynomial f of degree n > 2, the problem becomes forbiddingly difficult. Even for n = 3,
one needs to use elliptic functions.
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9.5 A useful substitution
A very useful substitution to deal with trigonometric integrals is to set
(9.5.1) u = tan(z/2),

which implies that
r = 2arctan u.

Note that
du 1 2 1 2 1+ U2
(9.5.2) o 5 sec”(z/2) 2(1 + tan®(z/2)) R
(9.5.3) dr — — 2
- v 1+u?
t 2 2
(9.5.4) sing — 2sin(z/2) cos(z/2) — 2wm@/2) - 2u

sec2(x/2) 1+ u?’
and since cos?(z/2) + sin®*(z/2) = 1,

_cos?(z/2) —sin®(z/2)  1—tan*(z/2)  1-—u?
(9.5:5) s = cos?(z/2) +sin®(z/2) 1 +tan®(v/2)  1+u?

For example, suppose we have to integrate

]:/diaf.
1 —sinz

Using the substitution above, which is justifiable here, we get

1 2 du
I = du = [ 2—
/1—2u/(1+u2)1+u2 " / 1—2u+ 2

Since

S Y A
1—2u4u?  (1—u)? du\l—u)’

1 1 1
f:/d(l_u) ST T T Ty TC

we get

120



9.6 Appendix: L’Hopital’s Rule

It appears that the most popular mathematician for Calculus students is Marquis de
L’Hopital, who was prolific during the end of the seventeenth century. FKEveryone likes
to use his rule, but two things must be taken due note of. The first is that, as with any
other theorem, one has to make sure that all the hypotheses hold before applying it. The
second is a bit more subtle. One should not use it when it leads to a circular reasoning, for
example when the numerator or the denominator of the limit L in question, which goes to 0
or oo as the case might be, is differentiable as needed, but to prove it one needs the limit L
to exist in the first place. Here is an example to illustrate this point. Consider the following
two statements:

(I) The function e” is differentiable with derivative e®.

(II) The limit

t_q
L = lim &
t—0 t

equals 1.

When presented with the limit L one is tempted to prove that it is 1 by using L’Hopital’s
rule. Indeed, if we accept that it is applicable here, then, since e’ is by (I) differentiable with

derivative e!, and since the limit
t
e
L1 = lim —
t—0 1
equals €’ = 1, one thinks that the problem is solved. But not so fast! This method assumes

(I) and how does one prove it? Well, one has to show the following:

eac—l—h T

i —e
lim ——— = ¢~
h—0
But since e*t" is e“’eh, one has to show that
h
et —1
lim =1,
h—0

which is the assertion (II). So (I) and (II) are equivalent and one cannot prove one using
the other, unless one has found a different way to prove one of them. So if one uses the
L’Hopital’s rule to evaluate L, one has to show why e* is differentiable without using L as a
tool, which can be done. Of course one defines the exponential function exp(z) as the inverse
function of the logarithm and the fact that the derivative of logx is 1/z implies, as we saw
earlier, that exp(x) is differentiable with derivative exp(z). But we then have to show, by
another method, that e is the same as exp(x). If one is not careful one will be drawn into
a delicate spider web.

This is not to scare you into not using L’Hopital’s rule. Just make sure before using it
that you can satisfy the hypotheses and that there are no circular arguments. Make sure,
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in particular, that the numerator and the denominator of the limit L can be shown to be
differentiable without using L. Indeed, the most important thing one has to learn in Ma 1la
is to think logically.

Without further ado, let us now present the rule of L’Hopital.
Theorem (L’Hopital’s rule) Consider a limit of the form

where a is either 0 or oo or —oo or just any (finite) non-zero real number, and f,g are
differentiable functions at all real numbers x with |x — a| sufficiently small. Suppose both
and f and g approach 0, or both approach oo, or both tend to —oo, as x goes to a. Then L
exists if the limit quotient of the derivatives, namely

T (C)
R TE

exists. Moreover, when L' exists, L equals L’.
To prove this we need the following generalization of the usual Mean value theorem:

Cauchy’s Mean Value Theorem Suppose f,qg are functions which are continuous on
la, b] and differentiable on (a,b). Then there is a number ¢ in (a,b) such that

(f(0) = f(a))g'(c) = (9(b) — g(a))f'(¢).

Note that when g(z) = x, we recover the statement of the usual Mean Value Theorem.

Proof of the Cauchy Mean Value Theorem. Put

u(x) = f(x)(g(b) = g(a)) = g(2)(f(b) = f(a)),

which is continuous on [a, b] and differentiable on (a, b) because f and g are. Moreover,

u(a) = f(a)(g(b) — g(a)) — g(a)(f(b) — f(a)) = fla)g(b) — g(a)f(b)

and
u(b) = f(0)(g(b) — g(a)) — g(b)(f(b) — f(a)) = —g(a)f(b) + f(a)g(D).
Hence
u(a) = u(b).

So we may apply Rolle’s theorem and conclude that there exists a ¢ in (a,b) such that
u'(¢) = 0. In other words,

F'(©)(g(b) = g(a)) = ¢'(c)(f(b) — f(a)) = O,

which is what we wanted to prove.
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O

Proof of L’Hopital’s Rule. We will prove this in the case when a = oo, with
f(z), g(x) both approaching co as x approaches co. The other cases require only very slight
modifications and will be left as exercises for the interested reader.

By hypothesis, f(x) and g(z) are defined and differentiable for large enough x. Suppose
the limit L' exists. We have to show that L also exists, and prove that in fact L = L'.

The existence of L' as a (finite) real number implies that for every € > 0, there is some
b > 0 such that for all x > b,

(A1) < e.

Since g(z) goes to oo as © — 00, we may choose b large enough so that g(z) # g(b) for all
x > b.
By applying the Cauchy Mean Value Theorem to [b, x], we get

2 F'e) _ fla)— f()

g(c)  g(x)—g(b)’

for some ¢ in (b, x). Combining with (A1), we then get

" @ -0,

< €.

In other words,

(A4). lim L&) =0

=00 g(x) = g(b)

Now we are almost there. To finish, note that since f(z) — 0o as x — oo,

: fla)
(A5) xll)r(r}o o) —f0) - L.
Similarly,
(A6) lim 90 =900

The assertion now follows by combining (A4), (A5) and (A6).
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10 Taylor’s theorem, Polynomial approximations

Polynomials are the nicest possible functions. They are easy to differentiate and integrate,
which is also true of the basic trigonometric functions, but more importantly, polynomials
can be evaluated at any point, which is not true for general functions. So what one does in
practice is to approximate any function f of interest by polynomials. When the approxima-
tion is done by linear polynomials, then it is called a linear approximation, which pictorially
corresponds to linearizing the graph of f. It turns out that the more times one can differ-
entiate f, the higher is the degree of the polynomial one can approximate it with, and more
importantly, the better the approximation becomes, as one sees it intuitively. There is only
one main theorem here, due to Taylor, but it is omnipresent in all the mathematical sciences,
with a number of ramifications, and should be understood precisely.

10.1 Taylor polynomials

Suppose f is an N-times differentiable function on an open interval I. Fix any point a in I.
Then for any non-negative integer n < N, the nth Taylor polynomial of f at x = a is
given by

" 0)(g |
(10.1.1) p(f@ya) = S LW G gy,

where fU)(a) denotes the jth derivative of f at a. By convention, f(°)(a) just denotes f(a).

(f is the Oth derivative of itself!)
The coefficients w are called the Taylor coefficients of f at a.
The definition has been rigged so that the following holds:

Lemma 10.1.2 Suppose f is itself a polynomial, i.e.,
f(z) = ap+arz+ ...+ apx™,

for some integer m > 0. Then f is infinitely differentiable (which means it can be differen-
tiated any number of times), and

pa(f(2);0) =

agp+arx+...+ax”, if n<m
agp+arx+...+apx™, if n>m

Proof. Clearly, f is differentiable any number of times and moreover, f(™ (x) vanishes
if n > m. So we have only to show that for n < m,

(10.1.3) F™(0) = nla,.
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When m = 0 this is clear. So let m > 0 and assume by induction that (10.1.3) holds for all
polynomials of degree m — 1 and n < m — 1. Define a polynomial g(x) by the formula

f(z) = ap+ xg(x).
Then .
g(x) = Z aj 17’
5=0
and by the inductive hypothesis,
(10.1.4) g™(0) = nla,
for all non-negative n < m — 1. But by the product rule,

f'(x) = g(x) +2g'(x), f"(x) = 2¢'(x) + 2g"(x), ...
By induction, we get
f(x) = ng" V(@) + 2g™(2),
so that
(10.1.5) F™0) = ng™V(0)¥Yn <m,n>1.
The identity (10.1.3), and hence the Lemma, now follow by combining (10.1.4) and (10.1.5).

O

Lemma 10.1.6 (Linearity) Let f, g be n-times differentiable at a, and let «, 3 be arbitrary
scalars. Then

pa(af(x) + Bg(x)ia) = apu(f(x);a) + Bpa(g(2);a).
This is easy to prove because the derivative is linear. In particular, we have

(af + Bg)D(a) Oéf(”.(a) 9 (a)

5! ] j!

+

It is helpful to look at some examples:

(1): Let
f(z) = sinz,

which is infinitely differentiable, with
f'(z) = coszx, f'(x) = —sinx = —f(x).

Thus

f(”)(x) _ (—1)ksin, i'f n =2k
(=D)kcosx, if n=2k+1
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Since sin 0 = 0 and cos 0 = 1, the Taylor polynomials of sinx are given by

po(sinz;0) = 0, pi(sinx;0) = pa(sinz;0) = x, ps(sinz;0) = pa(sinz;0) = o — —, ...

More generally, for any positive integer k,

(10.1.7) pok—1(sinx; 0) = pox(sinz;0) =z — —+ — — ... — (—1)

(2): Put

f(z) = logx.
This function is not defined at 0, so we need to choose another point to evaluate the deriva-
tives, and the easiest one is

a = 1.
We have
f’(l‘) — l f”(l‘) — _i f”/(l‘) — 2_'
x’ x2’ x3

By induction, we have for any n > 1,

(n—1)!

f ) = (=1

So the nth Taylor coefficient is

f(n)(l) — (_1)n+1l

‘ Y
n: n

where we have used the simple fact that n! is n times (n —1)!. Consequently, since log1 = 0,
the nth Taylor polynomial of log x is given by

(3): Consider

One has, for every n > 0,
9" (x) = [ (),
where f(x) is logz. Thus for any a > 0,

g™(1)
n!

f"(a)
(n+ 1)1

(10.1.9) = (n+1)

As a consequence the Taylor polynomials of g at a = 1 are determinable from those of f.
Let us make this idea precise.
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Lemma 10.1.10 Let f be a which is n times differentiable around a, with
p(f(x);a)) = ag+ar(z —a)+ ...+ ap(x —a)".

Then
P (f(2);a) = ay + 2a0w + ...+ na,(z —a)" .

Moreover, if ¢ is a primitive of f around a,

pa(é(2);0) = ¢(a) +ao(z —a) + alw ot a9

The proof is immediate from the definition of Taylor polynomials.

For a general f, even for such a simple function like ; + ——, it is painful to work out the
Taylor polynomials from scratch. One needs a better way to find them, and this will be
accomplished in the next section.

10.2 Approximation to order n

Definition 10.2.1 Let f, g be n times differentiable functions at a. We will say that f and
g agree up to order n at a iff we have

i 10 =0() _

z—a ( )”

If ¢ is a polynomial agreeing with f (or equalling f, as some would say) up to order n,
then we would call g a polynomial approximation of f(z) to oder n at x = a. The
immediate question which arises is whether the nth Taylor polynomial of f is a polynomial
approximation to order n. The answer turns out to be Yes, but even more importantly, the
Taylor polynomial is the only one which has this property. Here is the complete statement!

Proposition 10.2.2 Let f be n times differentiable at a. Then
(i) pn(f(x);a) is a polynomial approximation of f to order n;

(i) If q(x) is any polynomial in (x — a) of degree < n which agrees with f up to order n,
then q(z) = pa(f(2); a).

Proof. (i): Put

(10.2.3) 9(x) = poo1(f(z);a) and h(z) = (x —a)™.

Then by definition,




Hence

f(@) = pa(f(x);a) _ flz) —g(z) f"(a)
(x—a)” h(z) n!

So it suffices to prove the following:

10.2.4 li =
(10.24) s h(x) n!

Applying Lemma 10.1.2, we get
(10.2.5) g9 (a) = fY(a) Vj < n.

Since g is a polynomial of degree < n — 1, its (n — 1)th derivative is a constant; so

(10.2.6) g V() = " V(a).
Also,
(10.2.7) POl () = ME =

It follows from (10.2.5) and (10.2.7) that for every j < n — 1,

, , @D (a) — a9 (a
(10.2.8) }JH; F9(x) = gV (z) = / (hij)(j) “

=0

and ‘ ‘
lim A9(z) = hY9(a) = 0.

r—a

On the other hand, by (10.2.6) and (10.2.7),

D) gt V@) ) - [0V
(10.2.9) :}:l—rg h(=1)(x) z—a nl(z — a) T

In view of (10.2.8) and (10.2.9), we may apply L’Hopital’s rule (see the Appendix to chapter
9) and deduce (10.2.4), which also proves part (i) of the Proposition.

(ii): By hypothesis, ¢(z) approximates f(z) to order n at a. By part (i), the Taylor
polynomial p,(f(x);a) does the same thing. It follows, since the limit of a sum is the sum
of the limits, that ¢(z) and p,(x) agree up to order n. Put

u(z) = pa(f(z);a) —q(z),
which is a polynomial of degree < n and satisfies

i @)

= 0.
rz—a (l‘ — a)”
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This implies in particular that

(10.2.10) lim %)

— =0V <n.
e—a (x —a)l J=n

On the other hand, applying the FEuclidean algorithm repeatedly, relative to the divisor
(x — a), we can find, as we did in the chapter onpartial fractions, numbers cy, ..., ¢, such
that

u(z) = co+alr—a)+ ...+ cp(z—a)™
It is then immediate that for any 7 <n,
u(x
lim (z)

o (x—a)j = (.

In view of (10.2.10), this means that every coefficient ¢; is zero. Thus the polynomial u(x)
is identically zero.
U

Now let us apply this to compute the Taylor polynomials of
(10.2.11) ¢(x) = arctanz

at a = 0, where ¢ takes the value 0. (You may try as an educational exercise to compute
directly with ¢(z), and you will learn why this Proposition is helpful.)

Recall that ¢ is a primitive of
1
10.2.12 - -
(10.2.12) f@) = 7o

for all  in the domain of arctan x, namely the open interval (—m /2,7 /2). Also, f is infinitely
differentiable everywhere.

We will compute the Taylor polynomials of f(z) at 0 by the following trick. For each
n > 1, look at the polynomial

gu(r) = 1— 2%+ ...+ (=1)"2™

It is a geometric sum and so we can reexpress it as

1+x2(n+1) x2n+2
9(7) = Ty =IO e
Consequently, for r = 2n,2n + 1
_ 2n+2—r
lim L&) = onl®) @ ~ 0.
z—0 xT z—a 1 —+ 3;'2

Thus g, (z) approximates f(x) to order 2n and 2n+ 1, so it must, by the Proposition above,
equal the Taylor polynomials po,,(f(x);0) and pa,+1(f(x);0). Thus for any n > 0,
1

1
(10.2.13) Pon(=30) = pania (=50) = 1—2? ... 4 (=1)"z™
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Applying Lemma 10.1.10, we then deduce that for all n > 0,
(10.2.14)
3 22+

Pant1(arctan x; 0) = ponio(arctan x; 0) = po(arctan x;0) + z — % +...+ (=D

10.3 Taylor’s Remainder Formula

Once one has looked at the Taylor polynomials p,(f; a) of a sufficiently differentiable function
f at a point a, the natural question which arises immediately is how close an approximation
to f does one get this way. To be precise, define the nth remainder of f at a to be

(10.3.1) Ru(f(z),a) = f(z) = pa(f(2);a).
A very precise answer to this question wa supplied by Taylor. Here it is!

Theorem 10.3.2 Letn >0, a <z € R, and f an (n + 1)-times differentiable function on
an open interval containing |a,x|. Then we have the following:

(a)

(n+1
Ru(f(w)ia) = Sl a o)
for some ¢ in (a,x).
(b) If f™+Y is integrable on [a,x], then
Ru(f(@)ia) = o [ 10w = 0

a

Corollary 10.3.3 Let f be (n+1)-times differentiable on [a, z|. Suppose there are numbers
m, M such that
m < fOYw) < M

for all w in [a,x]. Then we have

. (v = )™ . (z = )™
(2) mm < Rn(f)x),a) < MW
In particular, if C'= max{|m|, | M|},

(x —a)"™!

(17) |Rn(f)z);a)| < CW-

Completely analogous assertions hold when x < a, in which case one should replace [a, z],
everywhere in the Theorem and Corollary with [z, a], resp. a — x.
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Let us first look at the example of the exponential function. We know that

f(u) = exp(u)

is infinitely dlfferentlable on all of R with f’(u) = f(u). Moreover, since e* is an increasing
function with € = 1, we get, for z > 0, u € [1,z] and n > 0,

1 < f(”+1)(u) < ev.

Consequently, by corollary 10.3.3, we have

ol x(n—i—l)
x

a1y = (€0 = erTy

(10.3.4)

Suppose we want to evaluate e to within an error of 10~*. Then what we have to do is
the following. Putting x = 1 in (8.3.4), and remembering the crude estimate that e is less
than 3, we obtain

1 3
10.3.5 ——— < R, = R,(e;0) <
( ) (n+1)! — (¢;0) (n+1)!
Find the smallest n for which 3
< 10~
(n+1)!
Direct computation shows that
3 3 1
— = =—— > 10
7! 5040 1680
and 3 3 1
< 1074,

8 40320 13440
So we take n = 7, and the error will be less than 10~* if we approximate e by

which is
13700

5040
The first four places after the decimal point are correct, as they should be. But at the fifth

place the digit should be 8 instead of 5, and to get that one has to go to the n (namely 8)
which makes R,, less than 107°.

= 2.7182539...

The remainder formula applied to the functions sinz and cos x yields very similar esti-
mates for the remainder. To be precise, we use the fact that the Taylor polynomials of sin x,
resp. cosz, at x = 0, have only odd, resp. even, degree terms, and obtain the following:

33'3 33'5 x2m+1

31 51 + R2m+1 (Sil’ll’; 0)7



with

) ’x’2m+3
Ro., 0)| < ———;
’ 2 +1(Slnx )’ — (2m+3)|
and
22 7t . 22m
(10.3.6) cosr = 1— 5—1—1—...—1—(—1) W+R2m(cosx;0),
with
. ’x’2m+2
’R2m+1(COSJf, O)’ S m

It is a simple exercise to approximate numbers like sin1 or cos(1/2) to any number of
decimel places.

Taylor’s formula is not very useful, however, for estimating the remainders of functions
f for which it is hard to get a nice expression for f("*1)(u). A very important example
illustrating this phenomenon is the function

f(z) = arctanz, x € (—7/2,7/2).

So what does one do? After some reflection, one remembers the method by which one found
the Taylor polynomials of this functions. Luckily, this method also leads to a good estimate
for the remainder. Let us see how.

Recall that

d (arct ) 1
—(arctanz) = ——
dx 1+ 22
and that . . S
_(1__: 23: =1—-2?+z* —. .+ (=1)™2®™.
T
The second formula can be rewritten as
1 x2m+2
—1—a?4+2—. . (=)™ .
a2 4T + (—1) [T 2

Integrating this expression and using the fact that arctan 0 = 0, we get by the fundamental
theorem of Calculus,

1'3 1'5 . x2m+1 B 0
10.3.8 —1 arctanr = r— —+ — — ...+ (—1)"—— 4+ Ropy1(arctanx; 0),
( ) - ()" + Rama( )
where
u2m+3
Rop, t ;0) = (=)™ .
om+1(arctan z;0) = (—1) /1+u2
0
I am using here the fact that we have already seen that the polynomial x — 953—3 + 9%—5 —...+
(—1)m§i:: is the Taylor polynomial by the criterion given by part (ii) of Proposition 10.2.2.
Suppose x > 0. Then
u2m+3 s
T <u Vu e |0,z
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in fact with equality only for © = 0, and hence

T

| Ropm1 (arctan x; 0)| < /u2m+3du.
0

Since the integral of u*™3 is u?™*/(2m + 4), we get the desired bound

x2m+3

10.3.8 — ii Rom tan z;0)| < .
( i7) | Ropm+1 (arctan x; 0))| 3

Note that for any fixed x > 0, this expression goes to 0 as m goes to co. By taking x = 1,
and letting m — oo, one gets the Leibniz formula:

- 11 1
- = tanl = 1 — -4+ - — ... 1™
g et 375 DTt

This is no doubt a beautiful formula, but it is not quite useful for computations, because
1/m goes to 0 rather slowly, at least compared to 1/n!, which is what one had for the
exponential or the sine function. The silver lining is that while (10.3.8-ii) is not decreasing
fast for x = 1, it converges faster when x is small. To exploit this, one appeals to the
addition theorem for the arctangent, namely

T+
(10.3.9) arctanx + arctany = arctan (1 Y ) ,

which follows by applying the inverse function arctan to the addition theorem for the tangent
function (with z = tanw,y = tanv):

t t
tan(u +v) = anu + tanv

1 —tanutanv’

JFrom this one can derive, for example the following identities:
% = arctan 1 = arctan(1/2) + arctan(1/3)

and
% = arctan 1 = 4arctan(1/5) — arctan(1/239).

The second formula, proved by Machin in 1706, can be used to find the first five or six
decimal places of 7 very fast. (Of course Mathematica or Maple can spew out the first
10,000 digits in a few seconds, but the methods used there are very sophisticated and appeal
to formulas involving elliptic functions.)

Proof of Theorem 10.3.2, For every u in [a, 2], we have

(10.3.10) f(x) = pa(f(@);u) + Ru(f(2); u),
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where

ae (n) U
(10.3.11)  pu(f(x);u) = f(u) + f(u)(x —u) + f2—(|)(3: —u)? 4+ ...+ f n'( )(3: —u)".
Note that
(10.3.12)

d (3) _ r(n)
a0 = ST+ e = (e =0+ e -t} (-0
Differentiating both sides of (10.3.10) and making use of (10.3.12), we obtain, for every u in

[a, z],

_ /)

e R (),

du

The function R, (f(z);w) is continuous on [a, ] and differentiable, because f(z) and p,(f(x); u)}]
are, on (a, ). Of course the polynomial function ¢(u) = (z — u)"*! has the same proper-
ties. So we may apply the Cauchy Mean Value Theorem (see the Appendix to chapter 9) to
R, (f(z);u) and ¢(u) and get a number ¢ in (a, x) such that

dg d

(10.3.13) 0

(10815)  LOR(F@)0) ~ Rlf@))) = - Ru(f():u)(e)(6(x) — o(a)).
By (10.3.13),
(n 1) (¢
(10.3.16) %Rn(f(x);u)(c) = —fT‘()(aj —o)".
And
(10.3.17) Wy = —(n+ 1)@=

du

Combining (10.3.15), (10.3.16) and (10.3.17), cancelling —(x — )", and dividing by (n + 1),
we obtain the formula (i). (This particular form of the remainder was in fact derived by
Lagrange.)

Now suppose f™*1) is integrable on [a,z]. Then applying the fundamental theorem of
Calculus, and remembering that R, (f(z);x) = 0, we get

JMwazj(%&U@w0M,

whose right hand side expression is, by (10.3.13),

T

- / S0

n!
a

Hence we get (ii).
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10.4 The irrationality of e

Now let us prove that e is irrational. It is even transcendental, but that is much harder to
prove.

Suppose e = p/q for some positive integers p, . Choose an integer n > 3 which is greater
than ¢. Using (10.3.4) and (10.3.5), we get

1 1
e=2 1414+ 4 +=+R,
q 2! n!
with 3
0 < —.
(n+ 1)!

Multiplying throughout by n!, we get

n! n!
=+ 2 4 S iR,
q 2! n!

But since n > ¢, %! is an integer; so is ’;—,' for any positive integer j < n. This implies that
n!R, is an integer. But
n!3 3
0 < nlR, < =
"4+ a1

and this gives a contradiction because n > 3, implying that 3/(n +1) is < 1.
Hence e must be irrational!
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11 Uniform convergence, Taylor series, Complex series

In this chapter we will lay down the basic results underlying the convergence — pointwise
and uniform of infinite series of functions. No proofs will be given, but the student should
feel free to make use of them, of course taking care to apply them only when the relevant
hypotheses are satisfied. We will use this theory to study the ever important Taylor se-
ries expansions of various functions, including the exponential, trigonometric and simple
rational functions, as well as the logarithm. We will at the end extend these functions to
the domain of complex numbers to the extent possible.

11.1 Infinite series of functions, convergence

Let {f,} be a sequence of functions on a subset X of R or C. We will say that this sequence
is pointwise convergent with limit f on X iff for every # € X the sequence {f,(z)} of
numbers converges to f(z). In other words, for every e > 0, there is a positive number N (z)
such that

(11.1.1) n > N(z) = |f(z) — fulz)] < €.

It is natural to wonder if N (z) can be taken to be a number N, say, which is independent
of x. In such a case, we will say that f,, is uniformly convergent with limit f on X.

Uniform convergence is a very important concept for Calculus. To elaborate, we have
the following useful result:

Theorem 11.1.2 Let {f,} be a sequence of functions on a finite interval I in R, and let f
be a function on the same interval I. Then

(a) (Integration) If f, — f uniformly on I, and if f,, f are integrable on I, then

/If(x)dx = lim [ f.(x)dx.

n—oo I

(b) (Continuity) If f, — f uniformly on I, and if the f, are continuous, then f is also
continuous.

(c) (Differentiability) Suppose {f.} converge pointwise to f, where each f, is differen-
tiable with f! integrable. Further assume that the sequence {f}} converges uniformly
to a continuous function ¢ on I. Then f is differentiable and

F(a) = Jim fi(),

forall x € 1.

Now consider any infinite sum of functions on a subset X of R or C, given as

(11.1.3) i Jn
n=0
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To know if this makes sense, we need to look at the partial sums s, defined by
(11.1.4) =Y [
5=0

We will say that the sum S converges uniformly, resp. pointwise, to a function S on X iff
the sequence {s, } converges to S uniformly, resp. pointwise, on X.

Theorem 11.1.2 has a natural analog for infinite sums.

Theorem 11.1.5 Suppose we are given Y fn,S on an interval I in R.
n=0

(a) (Integrability) If > converges uniformly to S in I, and if the f,, f are integrable
n=0
there, then

/1 S(z)dz = il /I fulz)dz.

(b) (Continuity) If >  converges uniformly to S in I, and if the f, are continuous, the
n=0

so s S.
(c) (Differentiability) Suppose >  f, converges pointwise to S, where each f, is dif-
n=1

ferentiable with f! integrable. Further assume that the sum > fI converges uniformly

n=1
to a continuous function T on I. Then S is differentiable and

o0

S'x) = filw),
n=1
forall z € 1.

Here is a very helpful test to determine if a given infinite series converges uniformly or
not.

Theorem 11.1.6 (Weierstrass’s test) Let {f,} be a sequence of functions on an interval
I in R, and let {M,} be a sequence of positive numbers such that

(i) |fu(x)| < M, for all n, and for all x; and
(i) the infinite series of numbers > M, converges.

n=1

Then

(a) For all x € I, the series Y. fn(x) converges absolutely; and
n=1
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(b) the sum Y fn converges uniformly on I to the function
n=1

S@) = 3 fula).

Here is an example illustrating the usefulness of this test. For any integer & > 2, consider
the series

(11.1.7) Yy

Put

Then, since sin nx is always bounded between —1 and 1,

sinnx

< M, Vn2>1.
n

Moreover, since k > 1,
o0
> M,
n=1

converges. So we may apply Weierstrass’s test and conclude that the series (11.1.7) converges.
Note that if we take the above series, but with £ = 1, then the test does not apply as the

sum of 1/n diverges. But that does not mean that the series Y sinnzn™! is divergent for all
n>1

x. It only means that the method does not apply. In fact one can show, with some trouble,

that this series is convergent for z in [¢,7 — t], for any ¢ > 0. Of course it is problematic

when z is a multiple of 7.

11.2 Taylor series

A series of the form
(11.2.1) > an”
n=0

is called a power series.

Since the power functions x — z™ are integrable and differentiable, in fact any number of
times, we may specialize Theorem 11.1.5 to the case of power series and obtain the following:

Theorem 11.2.2 For any sequence {a,} of real numbers, put
S(x) = Z anx"
n=0
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(i) If the series is uniformly convergent in a closed interval [a, b], then S is integrable on
la, b] and
bn—l—l _ an—l—l

n—>0 n+1

(ii) Suppose the series converges pointwise, and more importantly, its series of derivatives,
namely

T(x) = Z na,z" !
n=1
converges uniformly in [a,b]. Then S is differentiable with derivative T

A particular kind of power series, which is of great utility, is the so called Taylor series
(at 0), which is of the form

n!

(11.2.3) i 7O)

for some infinitely differentiable function f.

Theorem 11.2.2 says that if a power series is uniformly convergent we can integrate it
term by term to get its integral, and if the series of derivatives is also uniformly convergent,
then we can differentiate it term by term to get the derivative. So, roughly speaking, when
we have uniform convergence of the appropriate power series we are allowed to integrate and
differentiate term by term. What is left to do is to find a criterion to know when a power
series is uniformly convergent. We also want this criterion to tell us when the series and the
formally derived series both converge uniformly. Here is the completely satisfactory result
giving us what we need:

Theorem 11.2.4 Let {a,} be a sequence of real numbers. Suppose there is a positive real
number ¢ such that N

> e

n=0

converges. Pick any positive number b < c¢. Then each of the power series

S(z) = i anx"
n=0

and

T(x) = Z na,x""*
n=1
converges absolutely and uniformly in [—b,b]. Moreover,

S'(z) = T(x) Vze€ (—cc).
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The proof of this result, which we will skip, makes clever use of the Weierstrass test and
Theorem 11.2.2.

Let us try to understand the exponential function using this. We have seen that

2 n

v _ - T .
e —1—|—x—|—2!+...+n!+Rn(e,0),
with 2]
x?’b
R, (e%:0)] < e*11—.
[Fne )’_e(n—l—l)!

Consequently, for any positive ¢, the remainder term R, (e 0) goes to zero as n goes to
infinity. This gives us the convergent infinite series expression
2 3
c — J— J—
e’ = 1+c+2! —1—3! + ...
Applying Theorem 11.2.4 we see then that the Taylor series

2 3
v _ T
(11.2.5) e —1—1—3:—1—2!—1—3!—1—...
converges absolutely and uniformly on [—¢, ¢] for any ¢ > 0. Moreover, its derivative is given
by differentiating the series term by term, which gives back e, as expected.
By a similar argument, we also get the Taylor series expressions for the sine and cosine
functions, valid for all x:

' ' .

(11.2.5 — 1) smx:x—g—l—a—ﬁ—l—...
B 2 g g6

(11.2.5 — 1) Cosle_ﬁ—i_ﬂ_ﬁ—i_"'

We can also apply Theorem 11.2.4 and differentiate the expression for sinx term by term,
and as expected, one gets the series expression for cosz.

The series

x3 ab

(11.2.7) arctanr = x 3 + g T
is, as we saw before, convergent at x = 1. Thus by Theorem 11.2.4, it converges absolutely
in —1 < z < 1 and uniformly in [—b, ] for any positive b < 1.

We claim that this Taylor series for arctan x does not converge at any x > 1. Indeed, if
it did, then by Theorem 11.2.4, it would converge absolutely at = 1 which it does not. So
the number 1, which some call the radius of convergence of the Taylor series (11.2.7), is the
boundary beyond which there is no convergence.
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Taking the derivative of the series (11.2.7) term by term, and applying Theorem 11.2..4,
we get (as expected)

1
11.2.8 — — =1-a? 4+t =2+
( ) T2 + +
which is valid in {|z| < 1}. This certainly does not converge at + = —1. Even at x = 1 the
series makes no sense, but the left hand side makes sense there and equals %
Incidentally, the Taylor series for arctan x converges at x = —1, with
™
arctan(—1) = —arctan1 = I

It should be noted, despite what the arctan function may suggest, that in Theorem 11.2.4,
the absolute convergence of S(x) is asserted only for |z| < ¢, and one can say nothing in
general about the convergence, or the lack of it, at x = —c. Sometimes it does happen
that S(z) is divergent at —c. The simplest example illustrating this is the Taylor series for
log(1+ z) at = 0, which we claim to be

(11.2.9) logl+2) =0 ——+—5——+...

absolutely convergent in —1 < x < 1 and uniformly convergent in [—b,b] for any positive
b < 1. One way to see this is the following:

Since log(1 + x) is (defined and) differentiable in & > —1 with derivative 11—, we could
find the Taylor series expansion of 1%95 first and then differentiate.

The identity (11.2.8) implies that

1
1+ 2

4

—1—x+a2>—a*+. ..

(11.2.10)

which is absolutely convergent in 0 < z < 1. Then it is also absolutely convergent in
(—1,1). Pick any positive b < 1. Then since the series (11.2.10) converges at ¢ for any ¢
with b < ¢ < 1. So we may apply Theorem 11.2.4 and conclude that (11.2.10) converges
uniformly in [—b,b]. We can also differentiate term by term, by this Theorem, and obtain
the desired expansion (11.2.9), which is valid in —1 <z < 1.

At z = 1, the series (11.2.9) is alternating and converges to log 2. But it is important to
note, however, that it is divergent at © = —1.

A consequence of (11.2.9) is the series for log(1 — x), given by

1 2 3
(11.2.11) —log(l—x):log(l_x) :x—l—%—i—%—i—...

A very useful thing to remember, when computing the Taylor series of various functions
is the following
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Lemma 11.2.12 For j = 1,2, consider power series
Si(x) = ana"
n=0

If they are both uniformly convergent in some [a, b], then for all scalars a, 3, the power series

o0

Z (aan) + Bayz)z"

n=0
converges uniformly in [a,b] to aSi(x) + $S2(x).

In particular, the sum or difference of two uniformly convergent power series is again
uniformly convergent.

11.3 Complex power series

It is very important to understand the power series

(11.3.1) > an”
n=0

where the coefficients a,, are complex numbers and z is in C.
We will say that such a series is absolutely convergent if the associated (non-negative)
real series

o0

(11.3.2) > lan] - 2"

n=0
converges. For example, the complex exponential function

2 23

2 _ ZLE
(11.3.3) e —1—|—z+2!+3!—|—...
is absolutely convergent for all z because the corresponding series of absolute values, namely
T E N E
+’Z’+7+?+...

is convergent, it being the Taylor series of the real exponential el?l.
Here is the main result of this section.

Theorem 11.3.4 Suppose the complex power series

S(z) = i anz2"
n=0

converges at some non-zero complex number zo. Then either this series is absolutely conver-
gent for all z in C, or there is a positive real number R > 0 such that
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S(z) is absolutely convergent in {|z| < R}; and
S(z) diverges for any z with |z| > R.

Moreover, S(z) is differentiable at any z with |z| < R with derivative
S'(z) = Z na,z""*.
n=1

R is called the radius of convergence of the power series. Note that the Theorem says
nothing about the convergence at the points z with |z| = 1. Some people would say that the
radius of convergence is infinite when S(z) is absolutely convergent everywhere in C.

One can define the complex extensions of the various functions we have encountered like
the sine and cosine functions in terms of their power series. To be specific we have

: 2 2

(11.3.5) smz:z—g—l—ﬁ—ﬁ—i—...
22 2t 8

(11.3.6) cosz:l—i—l—ﬁ—a—l—...

Both these power series have infinite radii of convergence.
It is crucial to note, by comparing the power series expansions, that

(11.3.7) e = cosz +isinz.

This leads to the identities

(11.3.8) sinz = — <
2

and

(11.3.9) CoSz = %

We will be remiss if we forget the complex logarithm

22 2 2

11.3.10 log(l+z2)=2——+———+...
(11.3.10) gi+2) =z-S+2 -
which is absolutely convergent in {|z| < 1}. We have already seen that it converges at z = 1
and diverges at z = —1.

What we now have a is a very interesting situation for log(1 + z). On the one hand, it
makes sense at any complex number z with |z| < 1. On the other, it makes sense whenever
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1+ z is a positive real number, though it is not given by its Taylor series (11.3.10) if |z| > 1.
Thus log(1 + 2) is defined on the following strange-shaped subset of C:

(11.3.11) {z€C|lz| <1 or ze(—1,00) CR}.

The natural question which arises immediately is whether this function can be given sense
at all points of C, or at least on a larger subset. The quick answer is that it can be defined
on the complement in C of the half-line (—oo, —1] C R. On all of C it can only be defined as
a multi-valued function. To understand all these intriguing matters better, one will need to
understand a fundamental mathematical concept called analytic continuation, and for that
one will need to take a course in Complex Variables.
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